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Molecular modeling of cation–π interactions and ammonium permeation in AmtB 
Esam Abd El-Malek Abd-Allah Orabi 
 
Cation–π interactions are noncovalent interactions known to play various 
important roles in chemical and biological systems. In proteins, such interactions usually 
involve Phe, Tyr or Trp in contact with inorganic cations or positively charged amino 
acids (Arg and Lys). AmtB is a transmembrane protein that has a high affinity for 
ammonium and facilitates its transport across the membrane which provides a source of 
nitrogen for amino acid synthesis in bacteria. The amino acid residues that line the pore 
of the crystallographically-identified outer binding site, S1, of AmtB (Trp148, Phe107, 
and Phe103) are known to stabilize NH4
+
 through cation–π interactions. However, the 
nature of the transported species, NH3 or NH4
+
, and the permeation mechanism are not 
yet known. In this study, ab initio quantum mechanical calculations at the MP2/6-









with benzene monomer, dimer, and trimer in order to measure the strength of cation–π 
interactions in these systems and to parameterize a polarizable force field for these 
interactions. The resulting force field is used to investigate cation–π interactions and their 







 interacting with H2O and with model compounds of the amino acids found along 
the AmtB permeation pathway are also developed based on ab initio calculations on these 
interactions at the same level of theory. The resulting models are used to investigate the 
binding selectivity of S1 toward NH4
+





. The nature of the permeable species and possible permeation mechanisms 
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1.1. Noncovalent interactions 
Noncovalent interactions play major roles in stabilizing biological 
macromolecules, in receptor-ligand interactions, enzyme-substrate binding, and antigen-
antibody recognition.
1
 In contrast to covalent interactions that require overlap of partially 
occupied orbitals of interacting atoms, no overlap is necessary in noncovalent 
interactions. These interactions are generally weak, compared to covalent interactions.
2,3
 
While covalent bonds are generally shorter than 2 Å, noncovalent interactions function 
within a range of several angstroms.
2
 Among noncovalent interactions are cation–π, π–π, 




1.1.1. Cation–π interactions 






 to more complex structures 
like quaternary ammonium ions and acetylcholine, show strong attraction to the π 
electrons of organic compounds such as benzene. Such interactions between cations and 
π systems are generally referred to as cation–π interactions.1 Cation–π interactions are 
involved in molecular recognition,
4
 stabilization of protein and nucleic acid structures,
5,6
 
stability of protein-DNA complexes,
4,7
 and protein-ligand interactions.
1,8
 In addition, the 
investigation of these interactions can help in finding new binding sites and designing 
new ligands and drugs.
9
 The study on cation–π interactions has thus become a research 
focus in many fields of chemistry and biology. 
2 
 
Based on the properties of the cation, cation–π interactions are classified into 
three types
9









aromatic systems. An example of this type is the interaction between Mg
2+
 and the 
sidechain of Phe in a protein crystal structure (Figure 1.1 a).
11
 2) The interaction between 
organic cations and aromatic systems. The binding of acetylcholine (ACh) to the active 
site of the enzyme acetylcholine esterase (AChE)
1,12
 is an example for this type of cation–
π interactions. The binding of ACh and other inhibitors with AChE result from the 
cation–π interaction between the positively charged quaternary ammonium head and the 
sidechain of Trp84 (Figure 1.1 b). 3) The interaction between atoms possessing partial 
positive charges (e.g. H in H2O and NH3) and aromatic systems.
9,10
 This third class is 
energetically weak and can be represented by the complexes formed between NH3 and 
benzene (Figure 1.1 c). 
Although electrostatic forces are considered to play the dominant role in the 
overall binding,
13
 different forces contribute to the total cation–π interaction energy. Thus 
a quantitative description of cation–π interactions requires additional terms such as 
polarizabilities to be included.
1
 In cation–π systems, electrostatic interactions arise from 
ion-dipole, ion-quadrupole, and ion-induced dipoles interactions, with ion-quadrupole 
playing a main role in cation–π attraction. Benzene is a nonpolar molecule; it does not 
have a permanent dipole moment due to its symmetric charge distribution (Figure 1.2 a). 
The permanent nonspherical charge distribution of benzene (Figure 1.2 b) however 
results in a large quadrupole. Ion-quadrupole interaction is thus the main electrostatic 





                     
           a                                                    b                                               c 
Figure 1.1. Examples of cation–π interactions: a, interaction between Mg2+ and Phe14 in 
the structure of CheY (PDB code: 1 CHN)
11
; b, interaction between ACh and Trp84 in 
the X-ray structure of Torpedo California AChE (PDB code: 1ACE)
12
; c, interaction of 




                          
a                                                                b 
Figure 1.2. a, distribution of partial charges in benzene; b, electrostatic potential surface 
of benzene
1




Polarization is an important factor in determination of the strength of cation–π 
interaction, due to the strong electric field produced by the cation.
14−16
 Other forces such 
as dispersion and charge transfer are weaker and their contribution to cation–π attraction 




1.1.2. π–π interactions 
Interactions between aromatic groups (π–π interactions) are important 
noncovalent interactions.
17
 About 60% of aromatic side chains in proteins have been 
estimated to participate in π–π interactions.18 These interactions are known to stabilize 
the structures of DNA, RNA, and proteins.
18,19
 π–π interactions also enhance the stability 
of host-guest complexes
20
 and drug-DNA complexation
21. In biological systems, π–π 
interactions arise from interactions between the side chains of the aromatic amino acids 
Phe, Tyr, and Trp. Extensive computational studies on the simplest π–π system, the 
benzene dimer, have thus been performed in order to understand the energetic and 
structural properties of these interactions.
17
 Figure 1.3 shows three stable binding modes 





Figure 1.3. Stable configurations of the benzene dimer: a, t-shaped; b, parallel-displaced; 
c, sandwiched. 
 
1.2. Interplay between noncovalent interactions 
The interplay between different noncovalent interactions affects the net stabilization 
energy of the complex. For example the presence of cation–π and π–π interactions in the 
same complex results in extra stabilization of the complex, that is, the complexation 
energy is larger than the sum of the individual complexation energies.
22,23
 The extra 
stability gained from the interplay between the two interactions is known as the 
cooperativity between these interactions.
22
 Cooperativity has also been reported to exist 
between cation–π interactions and other noncovalent interactions such as H-bonding 
interactions.
24
 Further studies on these cooperativities, especially between cation–π and 
π–π interactions and investigating their existence in aqueous and biological systems are 





1.3. Computational methods for studying cation–π and π–π interactions 
Quantum mechanical (QM) calculations have been extensively applied in 
studying cation–π and π–π interactions, especially in simple complexes.9,13–17,22–24 
Quantum mechanics deals explicitly with electrons and their calculations are thus 
computationally expensive and become prohibitive for large systems such as biological 
ones. Molecular mechanics (MM) or force fields (FF), on the other hand treat electrons 
implicitly and hence their calculations are much faster. Aside from the limitations of FFs, 
their calculations are less time consuming, in addition it allows for studying large 
biological molecules with many thousands of atoms. 
The fact that polarization represents an important contributing force to cation–π 
interactions,
14–16
 indicates that polarizable FF will accurately model cation–π interactions 
compared to the additive (non-polarizable) FF. Polarization effects are included in FFs by 
three groups of methods: 1) Drude oscillator;
25,26
 2) fluctuating charge;
27





1.3.1. Polarization based on the Drude oscillator model  
Drude oscillator models, also known as shell models
29
 incorporate electronic 
polarizability by representing a polarizable atom as a two-particle system: a core particle 
with charge qc(A) and a shell particle, also called Drude particle, with charge qD(A), 
where the sum qc(A) + qD(A) = q(A), is the net charge of the polarizable atom.
26,30
 The 
magnitude of both charges is fixed. The core and Drude particle are linked by a harmonic 
spring with a force constant kD (Figure 1.4). Thus electronic polarization is mimicked by 
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relative displacement of both charges due to an external electrostatic field.
29
 Atomic 
polarizability, α(A), is related to force constant kD and the atomic charge q(A) and is 
determined by α(A) = qD
2
(A)/kD. The magnitude of kD is chosen in order to achieve small 





Figure 1.4. Classical Drude oscillator model using NH3 molecule as an example. The 
displacement, rD, of the Drude particle attached to the N atomic center in presence of a 






1.4. Ammonia/Ammonium transport proteins 
The transport of ammonium and/or ammonia (Amm) through cellular membranes 
provides a source for nitrogen for amino acid synthesis in plants and bacteria and help to 
maintain the acid-base equilibrium in animal and humans.
31
 This transport is mediated by 
proteins from the Amt/MEP/Rh family. The X-ray crystallographic structures of AmtB 
protein from Escherichia coli
32,33
 and the homologous protein Amt-1 from 
Archaeoglobus fulgidus
34
 show that these proteins are homotrimers with one channel at 
the center of each monomer (Figure 1.5 a). 
The crystal structure of AmtB determined at 1.35 Å resolution by Khademi et 
al.
32
 shows an electronic density in a binding site at the periplasmic side of the channel, 
known as S1, in addition to electronic densities in three sites, called S2, S3, and S4, that 
exist in the pore lumen of AmtB (Figure 1.5 b). Based on the hydrophobicity of the pore 
and the fact that this density is observed when the protein was crystallized in presence of 
an ammonium salt, the authors of the structure have suggested that the electronic density 







, on the other hand suggest that these sites are occupied by water 
molecules. The fact that the three species, H2O, NH3, and NH4
+
 are isoelectronic make 
them indistinguishable, unless hydrogen atoms can be resolved. The identity of the 




               
a                                                                                b 
Figure 1.5. Three dimensional fold of: a, the AmtB trimer; b, the monomeric 
ammonia/ammonium channel in AmtB (PDB code: 1U7G).
32
 The four 
crystallographically identified sites are presented in b as spheres with S1 colored red and 
S2, S3, and S4 colored blue. 
 
 
Extracellular ammonia exists predominantly in the positively charged form under 
physiological pH conditions and thus S1 is known to bind NH4
+
. Experimental studies on 
the selectivity of Amm transport proteins
36–38
 have shown that the periplasmic site of the 
protein (S1) is selective for NH4
+
 toward most monovalent alkali ions. The results 




 do not reach S1 and do not 




 can reach S1 and inhibits the protein activity.
37
 
Computational investigations on the selectivity of S1 in AmtB
39,40
 on the other 







 can reach S1, in contrast to the experiments.
 36–38







 were found to possess the same binding affinity to S1, which also does not agree 
with the experiment.
37
 Further computational studies using more reliable FFs are thus 
required for investigation and understanding the selectivity of these proteins.  
While NH4
+
 is known to bind S1 in AmtB, the exact transport mechanism and the 
identity of the transported species, NH3 or NH4
+
, have not been identified so far. Three 












Computational studies have shown that the free energy barrier for the diffusion of 




 has thus to deprotonate along the 
pathway. The position where the deprotonation occurs and the identity of the proton 
acceptor however, are not yet identified. Different computational studies suggest that 
deprotonation occurs at S1 and that NH3 is the species that penetrates the periplasmic side 
toward the cytoplasmic one.
42,43
 The hydrophobic pore of the channel contains two 
conserved histidine residues (His168 and His318) that are suggested to play a role in the 
deprotonation process
35
 based on their high conservation
32,33





 is thus believed to be stable enough to reach S2, where deprotonation are 
suggested to occurs.
35
 Reliable calculation of the binding free energy of NH4
+
 in S2 in 
comparison to that of S1 is expected to give a clear prediction about the possibility of 
permeation of the ionic species to S2. Such reliable calculations require a FF that is 
calibrated for interactions of the ion with neighboring amino acid side chains and water 
molecules in the two sites. To the best of our knowledge such a FF has not been applied 
in computational studies of AmtB so far. 
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1.5. Aim of the thesis 
Owing to the important roles for cation–π interactions in biological systems, and the 
computationally prohibitive nature of QM calculation on these systems, we aim in our 
work to parameterize reliable polarizable models for cation–π interactions. We aim to 
apply our models to investigate the strength of cation–π interactions and their interplay 
with π–π interactions in aqueous solutions. 
In order to investigate the selectivity, transport mechanism, and the nature of the 
transported species in AmtB proteins, we aim to parameterize polarizable potential 






 with compounds that model the 
side chains of the amino acids that exist in the permeation pathway. We will apply our 







. The models will also be used to calculate the binding energy of NH4
+
 at S2 
compared to S1, in order to investigate the identity of the species that binds S2 and to 












1.6. Research strategy 
 Perform ab initio QM calculations on the interactions of Li+, Na+, K+, and NH4
+
 
with benzene monomer, dimer, and trimer and evaluate the strength of cation–π 
interactions in the gas phase and their cooperativity with π–π interactions. 
 Parameterize polarizable models for NH4
+
 and for the interaction of the four 
cations with benzene as well as for the interaction of NH4
+
 with H2O based on the 
ab initio calculations. 
 Validate the NH4
+–H2O polarizable model by investigating the hydration structure 
and free energy of hydration of the ion. 
 Measure the binding free energy of the four cations with benzene in water using 
potential of mean force calculations. 
 Perform molecular dynamics simulations on (benzene)2 and NH4
+
(benzene)2 
complexes in water in order to investigate the interplay between cation–π and π–π 
interactions in aqueous solutions.  
 Ab initio calculations on the interaction of NH3 with water, ammonia, ethanol, N-
methylacetamide, benzene, toluene, phenol, p-methylphenol, indole, 3-
methylindole, imidazole, and 4-methylimidazol. 
 Parameterize polarizable models for these interactions based on their ab initio 
properties. 
 Validate the NH3–H2O potential model by calculation of the free energy of 
hydration of NH3. 
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 Validate the NH3–NH3 model by calculating the density, latent heat of 
vaporization, and the structure of liquid ammonia and comparing with 
experimental results. 
 Ab initio calculations on the interaction of Na+, K+, and NH4
+
 with ethanol, N-
methylacetamide, benzene, toluene, phenol, p-methylphenol, indole, 3-
methylindole, imidazole, and 4-methylimidazol. 
 Model the amino acids side chains that exist near S1 and S2 in AmtB with the 
parameterized polarizable models, using ethanol as model for Ser, toluene for 
Phe, 3-methylindole for Trp, and 4-methylimidazole for His. 






, via measuring 
the binding free energy of each ion in S1 relative to that in bulk water. 
 Measure the binding free energy of NH4
+
 in S2 relative to that in S1 and identify 
the identity of the species permeating from S1 to S2. 
 Based on the free energy calculations, suggest the most probable position for 
deprotonation of ammonium along the permeation pathway and suggest the most 









1.7. Structure of the thesis 
This thesis is based on three manuscripts that are currently in preparation, which 
are referred to in the text by their Roman numbers: 
I Esam A. Orabi and Guillaume Lamoureux “Cation–π and π–π interactions in 
aqueous solution studied using polarizable potential models” 
II Esam A. Orabi and Guillaume Lamoureux “Polarizable potential for ammonia 
interacting with water and with amino acid model compounds” 
III Esam A. Orabi and Guillaume Lamoureux “Ammonium affinity and ion 
selectivity of the bacterial transporter AmtB studied using a polarizable force field 












2. Cation–π and π–π interactions in aqueous solution studied using 
polarizable potential models 
 
Abstract 
New polarizable potential models for NH4
+









 with benzene as well as for NH4
+–H2O interaction are parameterized based on 
ab initio quantum mechanical calculations at the MP2/6-311++G(d,p) level of theory. 
The optimized models reproduce the ab initio calculated stabilization energies and 
potential energy surfaces of these systems. They also reproduce the cooperativity 
between cation–π and π–π interactions that is observed in ab initio calculations of the 
four cations in complex with benzene dimer and trimer. These models are applied in 
investigating cation–π interactions in aqueous solutions by measuring the potential of 










bind benzene with –1.1, and –1.4 kcal/mol, respectively. Molecular dynamics simulations 
on NH4
+
 in complex with two benzene molecules in water are performed in order to 
investigate the interplay between cation–π and π–π interactions in aqueous solutions. The 
results show that benzene association increases in presence of the cation, confirming the 
cooperativity of the two interactions in water. The NH4
+–H2O interaction model 
reproduces the experimental hydration structure and free energy of hydration of the ion 




Cation–π interactions are noncovalent interactions defined as the preferential 
attraction between cations and the π electrons in aliphatic and aromatic 
compounds.
1,13,45−47 Such preferable association of cations and the π systems of organic 





over the last two decades, and their existence has been confirmed experimentally. 
Experimental studies on cation–π interactions in the gas phase are showing that these 
interactions are competitive with the strongest known nonbonding interactions.
49,67
 
Extensive quantum mechanical (QM) investigations in the gas phase have also been 
performed at different levels of theory,
45–57,59,60,68–76
 and the binding enthalpies of alkali 
metal ions with benzene showed good agreement with the experimental values.
76
 QM 
calculations on cation–π interactions serve thus as a good tool for studying and 
understanding these interactions. 
Different forces contribute to cation–π interactions with electrostatics and 
polarization being the dominant forces while other forces such as dispersion and charge 
transfer are much weaker. Dougherty and co-workers performed ab initio calculations on 
11 Na
+–π complexes and found that the electrostatic energy represents 40–60% of the 
total interaction energy.
13
 Different theoretical studies showed that polarization is an 
important factor in determination of the strength of these interactions due to the strong 
electric field produced by the cation.
14−16,69,70
 
Analysis of protein structures in the PDB showed that cation–π interactions are 
common among protein structures
47,77





interactions make important contribution to protein stability,
5,6














 and neurotransmitter 
receptors.
8
 Owing to the biological importance of cation–π interactions and the 
computational prohibition of QM calculations on these systems, molecular models for 
these interactions are crucial. Since electronic polarization represents an important 
“force” in cation–π interactions, polarizable potential models are required for accurate 
modeling of these interactions.
69
 
Cation–π interactions can compete with cation-water interactions. For example 




 Cation–π interactions become weaker in aqueous solutions 
compared to the gas phase,
72
 yet their existence in aqueous solution has been 
confirmed.
83–85
 While the computational and experimental literature on cation–π 
interactions in the gas phase is abundant, studies of these interactions in water are rare
83
 
and further studies are required for accurate understanding of their strength and existence. 
Interplay between noncovalent interactions has been observed to affect the 
stabilization energy of the complex combining these interactions.
22–24,71
 Interplay 
between cation−π and π−π interactions showed that the two interactions work in 
cooperative way such that the presence of one interaction strengthens the other with a net 
increase in the complex stabilization energy.
22,23
 The excess amount in the stabilization 
energy, the difference between the observed stabilization energy and that expected from 
the simple sum of the individual stabilization energies in each interaction, is called the 
synergetic energy.
22,23
 Though this cooperativity was measured from ab initio 
18 
 
calculations and confirmed by a survey of the Cambridge Structural Database (CSD),
22
 
no experimental or theoretical investigations on the cooperativity between the two 
interactions in aqueous solutions have been reported so far. 
In this work, we parameterize polarizable empirical force fields for NH4
+
 and for 













 FF is used for this purpose with polarization in the systems based 
on the classical Drude oscillators.
25,30,87
 We then apply these models to investigate and 
measure the binding between cations and benzene in water and to investigate the 
interplay between cation–π and π–π interactions in water. We also validate the 
NH4
+−H2O model by calculating the free energy of hydration of the ion as well as its 
hydration structure. For this purpose, we perform ab initio QM calculation (geometry 
optimization and potential energy surfaces) at the MP2/6-311++G(d,p) level of theory on 
the interactions of the four cations with benzene monomer as well as on the NH4
+–H2O 
complex. The calculated ab initio properties of the complexes are then used for 
parameterization of the polarizable potential models. Molecular dynamics (MD) 
simulations of NH4
+, benzene−M+ (where M+ is Li+, Na+, K+, or NH4
+
), (benzene)2, and 
NH4
+
(benzene)2 complexes in water are then performed using the optimized potential 
models, in order to validate the NH4
+–H2O model, measure the strength of cation–π and 







2.2.1. Ab initio calculations 








 complexes with H2O, benzene monomer, 
dimer, and trimer as well as the water–benzene, benzene dimer, and benzene trimer 
complexes are fully optimized at the Møller−Plesset (MP2, full electron) level and the 6-
311++G(d,p) basis set using Gaussian 09 program.
88
 The interaction energies are 
corrected (E
CP
) for basis set superposition error (BSSE) by the counterpoise method of 
Boys and Bernardi.
89








 in complex with 
benzene monomer and H2O as well as the H2O–benzene complex is performed without 
imposing any geometry constraints. The optimization of the alkali metal ions complexes 
with benzene dimer and trimer are performed imposing C6v symmetry, while C2v 
symmetry is imposed in optimization of NH4
+
 complexes. Optimization of benzene dimer 
and trimer are performed imposing D6h symmetry. Cation−(benzene)2 and 
cation−(benzene)3 systems are considered herein to further investigate the cooperativity 
between cation–π and π–π interactions22,23 and to test the performance of the optimized 
force field models in measuring such cooperativity. 
Potential energy surfaces (PESs) of the four cations in complex with benzene 
monomer and of the NH4
+–H2O complex are calculated at MP2/6-311++G(d,p)  level of 
theory and all interaction energies are corrected for BSSE. The curves are computed 
imposing the gas phase optimized geometries of interacting monomers, calculated at the 
same level of theory. PESs of the alkali cations in complex with benzene are calculated 
by scanning both the perpendicular and the parallel movement of the ion, relative to the 
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benzene plane. Two potential curves are calculated for ammonium ion in complex with 
benzene. The first curve is calculated by scanning the distance between the nitrogen atom 
of NH4
+
 in its bidentate conformation and the center of the benzene molecule (X). The 
second curve is calculated by scanning the angle X··N–H in order to investigate the 
interaction energy as a function of the orientation of the ion (unidentate, bidentate, or 
tridentate) on top of benzene surface. Two curves are calculated for NH4
+–H2O complex 
by scanning the N··O distance and the orientation of NH4
+
 (unidentate, bidentate, or 
tridentate) relative to O. 
 
2.2.2. Molecular mechanical calculations 
2.2.2.1. Potential energy function and parameterization strategy 
 
Molecular mechanics (MM) calculations are all performed with the program 
CHARMM.
55
 Polarizable force field models based on classical Drude oscillators
25,30,87
 
are parameterized for NH4
+









) with benzene and for NH4
+−H2O complex. In the Drude oscillator model 
polarizability is introduced by attaching fictitious, charged particles to all nonhydrogen 
atoms via a harmonic spring with force constant   . The partial charge of the polarizable 
atom q is redistributed between the Drude particle and the atom core with the Drude 
charge    being determined from the atomic polarizability via the relation     
    . 
The net charge of the atomic core is thus        . A separation rD between the 
Drude particle and the polarizable atom results in a dipole   rD. The electrostatic energy 
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term in the additive potential energy function is modified to include interactions between 




    
   is also added to the potential energy function.30 The resulting potential energy 
function can be written as following:
30,90
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in which N is the number of solvent molecules, i is the atomic site of the ion (Li, Na, K, 
H, N), and s is the solvent molecule site (atom, lone pair, Drudes). The third term in 
equation 1,         (  , is similarly obtained as the sum of bonded and nonbonded 
energy terms that correspond to interaction between atoms in the solvent molecules. 




Table 2.1. Potential model for polarizable ammonium ion. 
Atom q (e) Emin (kcal/mol) Rmin/2 (Å) α (Å3) 
N –1.57652 2.38702956 1.3062713 –1.1966 




 potential (this work) are summarized in table 2.1. In this 
model, NH4
+
 is modeled by five atomic sites and an auxiliary Drude particle attached to 
the nitrogen atom. Urey-Bradley (UB) energy terms
90
 are added to reproduce some IR 
frequencies of the ion and to prevent large distortions in its regular tetrahedral structure. 
The electrostatic parameters, atomic charges and polarizabilities (Table 2.1) are 
determined from ab initio calculation. The atomic charges are fitted to reproduce the gas 
phase quadrupole moment of the ion and the polarizability of N is calculated from the 
trace of the polarizability tensor. Finally the Lennard-Jones (LJ) parameters of N and H 
are optimized based on the interaction of the ion with benzene. 
Parameters of the alkali metal ions and benzene are taken from references 91 and 
92. An extra non-atomic site (X) at the center of the benzene ring is required in order to 




. This site can be considered as a 
mimic of the electron density at the center of the benzene ring. It shows only VDW 
interaction with Na
+
 and with N and H atoms of NH4
+
. 
The general parameterization strategy of the polarizable force field based on 
Drude oscillators has been documented elsewhere.
78,91,92 
The optimization of potential 





with H2O is based on optimizing the Lennard-Jones (LJ) parameters between specific 
pairs of atoms in the interacting monomers. The “NBFIX” option of CHARMM allows to 
override the default values of the LJ 6-12 parameters (       and         obtained 
from the Lorentz-Berthelot combination rule: 
        √(                      and               (                
and assign pair-specific LJ parameters (       and        .
86
 It is thus the pair specific 
LJ parameters that are adjusted to optimize the polarizable models. Optimization of 
models for alkali cations-benzene interactions is based on adjusting pair-specific LJ 






) and carbon atoms of benzene. LJ 
parameters between Na
+
 and the X site of benzene are also optimized for accurate 
modeling of Na
+–benzene interactions. The LJ parameters of N and H atoms of NH4
+
 as 
well as their pair-specific parameters with the X site in benzene are adjusted to model 
NH4
+–benzene interactions. The interaction of NH4
+
 with H2O is optimized by adjusting 
pair-specific LJ parameters between N and H atoms of NH4
+
 and oxygen atom of H2O.  
Optimization of these parameters is performed in two steps using the ab initio 
properties (stabilization energy, geometry, and PESs) as the optimization targets. The 
first step in the optimization is to reproduce the ab initio PESs, especially around their 
minimum. In this step the coordinates of the complex are kept rigid (fixed to their ab 
initio scanned values) and optimization of the parameters is performed to minimize an 
error function that imposes a Boltzmann weight at the minimum of the PES. This 
function is defined as: 
   ∑   ( 
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 are Boltzmann constant, temperature (298.15 K), the 
interaction energy from ab initio, and the interaction energy from the Drude model, 
respectively. Index k represents the points on the potential energy surface. Minimization 
of this function indicates the best agreement between the calculated interaction energies 
using the Drude model (E
MM
) and the corresponding ab initio values (E
CP
). The obtained 
parameters are subject to a second optimization step in which the complex geometry 
(position and orientation of the cation relative to the interacting molecule) and the “free” 
interaction energies (without imposing geometry constraints except fixing the bonds to H 
atoms using the SHAKE algorithm
93
) are fitted to the corresponding ab initio results. In 
this step we start with a configuration in the PES that is close to the fully optimized 
geometry of the ground state conformer and reoptimize the LJ parameters allowing the 
internal coordinates of the complex, except bonds to H-atoms, to relax. Parameters from 
the second step are more reliable than those from the first as they describe the geometry 
and the energetic of the complex under simulation conditions (bonds to H atoms are 
constraint to their equilibrium values). The aim of the first step is thus to get the closest 
estimate of the optimum parameters. 
 
2.2.2.2. Molecular dynamics simulations 
MD simulations are performed in order to investigate cation–π, cation–π–π and π–
π interactions in water as well as the hydration structure of NH4
+
. All MD simulations are 
performed in the NTP ensemble at T =298.15 K and p =1 atm. The following systems are 
simulated: 1) A system of one ammonium ion solvated in 250 water molecules and 2) 
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Two systems composed of two benzene molecules in presence and absence of one 
ammonium ion solvated in 600 water molecules. All simulations are performed in cubic 
boxes with periodic boundary conditions with the SHAKE to constrain covalent bonds 
involving hydrogens.
93
 The SWM4-NDP polarizable water model
26
 is used for all 
simulations of aqueous solutions with a mass of 0.4 a.u. on the auxiliary Drude particles 
and a force constant kD = 1000 kcal/mol/Å
2
 for the atom-Drude coupling. 1fs is used as 
the integration time-step using velocity Verlet integrator. Electrostatic interactions are 
computed with particle-mesh Ewald summation, with κ = 0.34 for the charge screening, 
1.0 Å grid spacing, and fourth-order splines for the mesh interpolation.
26
 The real-space 
interactions (Lennard–Jones and electrostatic) are cut off at 15 Å and long range 
contribution is corrected with an average density-dependent term (Lennard–Jones long 
range correction).
26
 The temperature of the system is controlled with a two-thermostat 
algorithm, where atoms are kept at room temperature (298.15 K), and the auxiliary Drude 




2.2.2.3. Free energy calculations 
The optimized potential model for the NH4
+–H2O complex is validated by 





in bulk water (      (   
     ) . Calculation of the relative free energy of 
hydration follows the thermodynamic integration (TI) simulation protocol established 
previously.
94,95
 In particular the relative hydration free energy (ΔΔGhyd) of solutes A and 
26 
 
B is evaluated from the conventional thermodynamic cycle for solute transformation in 
water 
      (     Δ    (        (         
     
where      
    is the relative free energy for the alchemical solute A→B “mutation” in 
water. 
To maintain a constant number of interaction sites throughout the transformation, 
special hybrid residues are used (Figure 2.1), in which transformed solutes are linked 
together through their heavy atoms via a weak bond of force constant 5 kcal/mol/Å
2
. 
These residues are made by bonding one original “real” ion with a “dummy” second ion 
(having no interactions with the real particles). The mutation involves thus variation of 
the nonbonded parameters. The TI/MD simulation protocol used in this work involves 
ligand transformation in 17 steps, controlled by a mapping parameter λ which takes the 
following values: 0, 0.002, 0.005, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 0.95, 
0.995, 0.998, 1. Each λ window is equilibrated for 150 ps followed by subsequent data 






Figure 2.1. Solute transformations involved in the free energy calculations. Fragments 
colored in red are “real” while those colored in black are “dummy”. 
 
2.2.2.4. Potential of mean force calculations 
In order to investigate the thermodynamics of cation–π and π–π association in 









one benzene molecule and between two benzene molecules in bulk water are calculated 
using umbrella sampling. The distance between the centers of mass (CM) of the reactants 
is used as a reaction coordinate and a harmonic potential of force constant 10 kcal/mol/Å
2
 
is applied to bias the sampling. The reaction coordinate is separated into multiple equally 
separated, 0.5 Å, windows and each window is simulated for 2 ns. The unbiased PMF is 
reconstructed using the weighted histogram analysis method (WHAM)
96,97
 and the radial 
variation in the entropy of the reactants pairs is taken into account by adding a 2kBTln(R) 






2.3. Results and Discussion  
2.3.1. Ab initio results  
2.3.1.1. Ab initio interaction energies  
The optimized geometries of all studied complexes and some of their structural 
parameters are reported in figure 2.2. BSSE-corrected and uncorrected complexation 
energies (E
CP
 and E, respectively) and equilibrium distances (R1, R2, and R3) obtained at 








 complexes are 
reported in table 2.2. The complexation energies and equilibrium distances for the 
(benzene)2, (benzene)3, and benzene–H2O complexes are also reported in table 2.2. The 
three equilibrium distances R1, R2, and R3, in Å, represent CM separation between the 
cation and the benzene ring interacting with the cation, CM separation between the 
benzene ring interacting with the cation and the subsequent benzene ring, and the CM 
separation between the second and third benzene molecules, respectively. R1 is also 
assigned to the CM separation between the four cations and water as well as the CM 
separation between water and benzene. As reported in table 2.2, the equilibrium MP2/6-








 with benzene monomer are 
–34.89, −21.08, –17.14, and –17.58 kcal/mol, respectively. Though our results are purely 
electronic interaction energies, neglecting thermodynamic contributions, they are 
comparable to the experimental gas-phase binding enthalpies of −39.3 ± 3.2, −22.5 ± 1.5, 
−17.7 ± 1.0, and –19.3 ± 1 kcal/mol.49,67 
For alkali cation complexes, the interaction energy decreases (less negative) while 






(see table 2.2), which is attributed to the 
increase of the cation size in this direction. On going from the benzene monomer to 
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trimer complexes with the same cation, the interaction energy increases while R1, R2, and 
R3 decrease (see table 2.2 and figure 2.2 a, b, and c). 
Table 2.2 also shows that: 1) the complexation energy of each cation and the benzene 
dimer as a whole is more negative than the sum of the complexation energy of the cation 
with benzene and the complexation energy in benzene dimer. 2) Both R1 and R2 in all 
cation complexes with benzene dimer are shorter than those in the cation-benzene 
monomer and in the benzene dimer, respectively. This indicates that cation–π and π–π 
interactions stabilize one another and indicates that cooperativity between both 
interactions contributes to the overall stabilization of the system.
22
 The decrease in R1 and 
R2, which reflects the degree of cooperativity, becomes less pronounced as the number of 
stacked benzene rings increases, indicating that the effect of the successive addition of 
benzene rings will diminish on going to higher order systems.
22
 
The cooperativity between the two interactions results in higher interaction 
energies compared to those from simple sum of the individual interactions. This extra 
energy gained from the interplay between the two interactions is referred to as the 
synergetic energy (    
  ). The fifth column of table 2.2 includes the synergetic energy for 
cation complexes with benzene dimer and trimer. This term is computed using either of 
the following two equations that are “almost” equivalent (equation 4 in our case).  
    
        (  (         ( 
  (        (       (                   (   
    
        (  (         ( 
  (           (                                  (   
where n is the number of benzene molecules,    (       ,     (  (          ,  
   (      , and  
  (       are BSSE corrected complexation energy of the cation 
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complex with benzene monomer, BSSE corrected complexation energy of the cation 
complex the benzene stack (dimer or trimer), BSSE corrected complexation energy of the 
dimer, and BSSE corrected complexation energy of the stack, respectively. The fact that 
the interaction energy of benzene trimer (see table 2.2) is almost twice that of the dimer 
confirms the approximate equivalence of the previous two equations and indicates that 
the complexation energy of benzene molecules arranged in a parallel stacked geometry is 
additive.  
While the ab initio MP2/6-311++G(d,p) calculations on the complexes of Li
+
 with 
the dimer and trimer of benzene are showing higher complexation energies compared to 
those calculated at MP2/6-31++G(d,p) level of theory and reported by Frontera et al.,
22
 
the calculated synergetic stabilization energy terms are almost identical (within 0.1 
kcal/mol). 
It should be noted that the complexes of the cations with benzene dimer or trimer 
arranged in a parallel stacked geometry do not correspond to the gas-phase global 
minimum conformers. For example the optimization of the complex in which NH4
+
 is 
sandwiched between two benzene molecules resulted in an optimized complex (Figure 
2.2 d) with a BSSE-corrected interaction energy of –32.17 kcal/mol. Thus, although the 
stacked benzene complexes are not the global minimum, they are considered in the 
current work to investigate the interplay between cation–π and π–π interactions. 
The data in table 2.2 show that the complexation energies of a given cation with 
both benzene and water are comparable. The minimum energy conformer of the 
benzene–H2O complex (Figure 2.2 e) is one in which water is positioned on top of 
benzene surface and oriented close to the unidentate conformation (X··O–H angle = 16º). 
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              (a)                                             (b)                                                     (c)         
 
        
                (d)                              (e)                                  (f)                                  (g) 
 









 in complex with benzene (a), benzene dimer (b), and benzene trimer (c); 
sandwiched structure of NH4
+
(benzene)2 complex (d); water-benzene complex (e); 









Table 2.2. BSSE corrected and uncorrected complexation energies (E
CP
 and E, 
respectively), the corresponding synergetic stabilization energies (     
   and Esyn, 
respectively), the interaction energies calculated by the optimized potential models (E
MM
) 
and the corresponding synergetic stabilization energies (    
  ) , and the equilibrium 
distances (R1–R3), calculated at MP2/6-311++G(d,p) level of theory. All energies are in 




 Esyn     
   R1 R2 R3 E
MM
     
   
(Benzene)–Li+ –38.84 –34.89 − – 1.870 – – –35.14 – 
(Benzene)–Na+ –24.00 –21.08 − – 2.426 – – –21.04 – 
(Benzene)–K+ –19.58 –17.14 − – 2.828 – – –17.01 – 
(Benzene)–NH4
+ –19.78 –17.58 − – 2.921 – – –17.56 – 
(Benzene)2–Li
+ –49.00 –41.48 5.22 4.80 1.857 3.522 – –40.59 3.38 
(Benzene)2–Na
+ –32.92 –26.65 3.98 3.78 2.416 3.561 – –25.66 2.55 
(Benzene)2–K
+ –28.31 –22.23 3.79 3.30 2.816 3.584 – –21.25 2.17 
(Benzene)2–NH4
+ –28.67 –22.82 3.95 3.45 2.891 3.587 – –21.84 2.21 
(Benzene)3–Li
+ –56.12 –44.72 7.40 6.21 1.852 3.495 3.626 –43.62 4.34 
(Benzene)3–Na
+ –39.73 –29.63 5.85 4.93 2.406 3.542 3.637 –28.50 3.32 
(Benzene)3–K
+ –34.98 –25.10 5.52 4.34 2.808 3.567 3.644 –24.00 2.85 
(Benzene)3–NH4
+ –35.37 –25.69 5.71 4.49 2.890 3.566 3.644 –24.63 2.93 
(Benzene)2 –4.94 –1.79 − – – 3.695 – –2.07 – 
(Benzene)3 –10.67 –3.62 0.79 0.04 – 3.658 3.658 –4.20 0.06 
(Benzene)–H2O –4.52 –2.43 – – 3.347 – – –2.68
a – 
H2O–Li
+ –35.50 –33.40 – – 1.866 – – –35.92a – 
H2O–Na
+ –24.67 –23.09 – – 2.266 – – –24.64a – 
H2O–K
+ –18.93 –17.88 – – 2.631 – – –17.90a – 
H2O–NH4
+ –22.16 –20.27 – – 2.704 – – –20.28 – 
a






2.3.1.2. Ab initio potential energy surfaces 








 in complex with benzene 
monomer and for NH4
+
 in complex with H2O are computed with rigid monomers at the 
MP2/6-311++G(d,p) level of theory. The ab initio computed potential curves (dashed 
lines) and the corresponding curves obtained from the optimized Drude models (solid 
lines, see section 2.3.2.1) are reported in figure 2.3.  
Two curves are calculated for the interactions of the alkali cations with the 
benzene monomer (Figure 2.3 (a) and (b)). Curve (a) is calculated by positioning the 
cation on top of benzene center, perpendicular to its plane and scanning the distance (R) 
between the cation and the ring centroid (X) from 1.0 Å to 10.0 Å. This curve indicates 
that the depth and the extent of the potential energy well depends on the size of the cation 
and on its ability to approach the electron cloud of benzene.
75
 Curve (b) is calculated by 
positioning the alkali cations on top of the benzene center at their equilibrium separation 
distances (at a site Y) and scanning the movement of the cations parallel to the benzene 
ring, going towards the C–C bond center. This curve shows that, though the interaction 
energy decreases as the cation moves away from the benzene center, some interaction 
energy is retained and interactions are still stabilized.
73
  
Two potential curves are calculated for ammonium-benzene complex (Figure 2.3 
(c) and (d)). The first curve, (c), is calculated by scanning the X··N distance with 
ammonium in the bidentate orientation. The other curve, (d), is generated by scanning the 
X··N–H angle. Curve (d) describe the interaction energy of the complex as a function of 
ammonium orientation in order to investigate the relative stability of the unidentate (0º, 
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110º), bidentate (55º), and tridentate (180º) conformers. This curve shows that the 
stability of the different ammonium conformers follows the order bidentate > unidentate 
> tridentate. The global minimum conformer however is one where the angle X··N–H is 
35º or 75°, a value corresponding to an intermediate orientation of ammonium between 
the exact unidentate and bidentate conformations. 
Two potential curves are calculated for the NH4
+–H2O complex (Figure 2.3 (e) 
and (f)). Curve (e) involve the scan of the N··O distance in the ammonium unidentate 
orientation, from 2.0 Å to 10.0 Å. Curve (f) involves scanning the angle O··N–H from 0º 
to 180º, so as to investigate the relative stability of the unidentate (0º and 110º), bidentate 
(55º) and tridentate conformers (180º). Curve (f) shows that the stability of the different 
conformers follows the order unidentate > bidentate > tridentate. 
 










































































































































































































 complexes from ab initio MP2/6-311++G(d,p) (dashed line) and Drude (solid 
line): (a) scan of perpendicular distance between the alkali cations and benzene center; 
(b) scan of the parallel movement of alkali cations at their equilibrium distances (Y) from 







toward C–C bond center; (c) scan of the distance between N of NH4
+
 in its bidentate 
conformer and benzene center; (d)  scanning the orientation of NH4
+
 on top of benzene at 
X··N distance = 3.0 Å; (e) scan of O··N distance in H2O–NH4
+ 
complex; and (f) scan of 
O··N–H angle in H2O–NH4
+







2.3.2. Molecular mechanics results 
2.3.2.1. Optimized force field 
Equilibrium structural parameters for the potential model of NH4
+
 (N–H bond and 
H–N–H angle) are obtained from ab initio optimization of the ion in the gas phase at 
MP2/6-311++G(d,p) level of theory, and found to be 1.024 Å and 109.47º, respectively. 
Bond, Urey-Bradley, and angle force constants are fitted in CHARMM
86
 based on ab 
initio calculated IR frequencies of gaseous NH4
+
 (ν = 3×1496, 2×1734, 3413, and 3×3547 
cm
−1
). Parameters                 Å
 
,                Å
 
, and    
                 are chosen because they yield comparable IR frequencies (ν = 
3×1716, 2×1940, 3461, and 3×3546 cm
–1
) and maintain structural stability of the ion 
during MD simulations. Although these frequencies are overestimating the ab initio 
bending vibrational frequencies of the ion (ν = 1496 cm–1 and 1734 cm–1), they give fair 
agreement with the ab initio calculated PES in which the H–N–H angle is scanned 
(Figure 2.4), especially within 5 kcal/mol from the equilibrium. 
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Figure 2.4. Potential energy surface for angle bending in NH4
+
, calculated from QM 
(dashed line) and Drude model (solid line). 
 
Nonbonded parameters (atomic charges, polarizability and LJ parameters) of the 
new polarizable ammonium model are reported in table 2.1. Optimized pair-specific LJ 








) with benzene 
and for NH4
+–H2O interaction are listed in table 2.3. These parameters are initially 
optimized based on the ab initio PESs and finally adjusted to reproduce the ab initio 
calculated geometry and interaction energy in the global minimum complex (see columns 
“ECP” and “EMM” of table 2.2). The models also reproduce the ab initio calculated PESs 
as shown in figure 2.2. A fair agreement is also observed for the interaction of the four 













 with benzene and the interaction of NH4
+
 with water. 
Ion Atom, i Ion–Benzene interaction Ion–water interaction 
       
(kcal/mol) 
       
(Å) 
       
(kcal/mol) 
       
(Å) 
       
(kcal/mol) 




N 0.4058387 3.3962713 0.1470587 3.5005950 0.1018465 3.7592014 















0.4266716 3.5744944 0.0000000 0.0000000 – – 





are used to calculate the mixed LJ parameters and no pair-specific parameters are used. 
 
2.3.2.2. NH4
+– H2O potential model 
 The optimized model for NH4
+–H2O interaction reproduces the ab initio 
calculated complexation energy and PESs (see table 2.2 and figure 2.3 (e) and (f)). To 
further validate the model, the solvation structure of the ion in water and its free energy 




 are calculated. 
MD simulation of one ammonium ion solvated in a cubic box containing 250 
SWM4-NDP water molecules is performed in the NTP ensemble for 10 ns and the 
solvation structure of the ion is investigated from the analysis of the last 7 ns. The atom-
atom correlation functions gNO(r) and gHO(r), where N and H refer to NH4
+
 are reported in 
Figure 2.5. The first peak in the gNO(r) function shows a maximum at 2.85 Å, and a 
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minimum at 3.37 Å. An integration up to this minimum results in a coordination number 
of 5.3, in agreement with experimental
99
 and ab initio MD
100
 studies which report 
coordination numbers of 5.2 and 5.3, respectively. H–O RDF shows a first peak at 1.85 Å 
and a minimum at 2.36 Å. The integration up to the first minimum in the H–O RDF 
results in a coordination number of 1.05. The fact that the coordination number obtained 
from H–O RDF is less than the expected number, 5.3/4 = ~1.3, based on the calculated 
coordination number from N–O RDF, indicates that four water molecules are hydrogen-
bonded to the four protons of NH4
+
 in a tetrahedral structure around the ion, while the 
remaining water molecules, ~1.3, are much more mobile, in agreement with previous 
results from ab initio MD simulations.
100
 






















Figure 2.5. N−O (black) and H−O (red) radial distribution functions (solid lines) and 
running integration numbers (dashed lines) from molecular dynamics simulations of 
NH4
+
 in water at 298.15 K.  
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Hydration free energy is an important property of ions. Reliable simulations of 
ions in aqueous solutions require models that reproduce their free energy of hydration 
(ΔGhyd). To further validate the NH4
+–H2O potential model, we calculate the change in 
free energy of hydration associated with mutation of NH4
+









 is also calculated. The results together with 
corresponding experimental data
101−105
 are reported in table 2.4. On the basis of multiple 
runs, the overall precision of the calculated values is of the order of 0.1 kcal/mol. 
 
 
Table 2.4. Relative hydration free energies ((     
   ) in kcal/mol) as calculated from 
TI/MD simulations in bulk water and the corresponding experimental values. 
Mutation      










+→Na+ –18.61 –18.10105, –19.12101 
NH4
+→K+ –1.17 –0.50105,  –2.39101 
Na
+→K+ 16.73 16.73101,  17.16103, 17.60102,105 
a
 calculated using the hydration free energy of ammonium ion in references 101 and 104, 






The data in table 2.4 show good agreement between the calculated and 
experimental data. Taking into account the hydration free energy of the SWM4-NDP 
water molecule, –5.9±0.126, this results in a hydration free energy of NH4
+
 equal to –
67.60 kcal/mol, in close agreement with the experimental value of –68.12 kcal/mol 
reported by Marcus
101
. It should be noted that the NH4
+–H2O interaction model is not 
optimized to reproduce the experimental results; parameterization was performed so as to 
reproduce the ab initio properties of the NH4
+–H2O complex. This further confirms the 
transferability of the parameterized NH4
+–H2O model. 
 
2.3.2.3. Cation–π interactions in aqueous solutions 
Cation–π interactions are strong in the gas phase as seen from the calculated 
interaction energies in table 2.2. These interactions however become much weaker in 
aqueous solutions.
72,83–85














. This trend is reported
1 
to show a reverse ordering when the interactions 
occur in water and the cation–π affinity follows the order K+ >> Na+, Li+. 
In order to measure the binding affinity and strength of the four studied cations 
with benzene in water, PMF calculations are performed and the results are given in figure 






 with benzene in water is in 






 do not associate with benzene in presence 
of water as evidenced by the absence of a minimum near the gas-phase calculated 
equilibrium distances between the CM of the two ions and benzene. For Li
+
, the weak 
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minimum (−0.2 kcal/mol) observed at CM separations of 5.1 Å may suggest that benzene 
is favored to exist in the second solvation shell of the ion. It should be noted that the 
interaction energies of Li
+
 with benzene at this distance, as calculated from the PES, is 
−4.7 kcal/mol. Benzene in the second solvation shell of the ion will thus be stabilized by 
the interaction with ion-coordinated water molecules in addition to the long distance 




 on the other hand bind benzene in water with 
energies of –1.10 and –1.36 kcal/mol at equilibrium CM separation of 3.28 and 3.37 Å, 
respectively. These observed CM separations are 0.45 Å longer than the gas-phase-
calculated distances (see table 2.2).  
 



























Figure 2.6. Potential of Mean Force between the centers of ions and benzene and between the 




Coordination of ions with benzene in water at or near the gas phase calculated 
CM separations will result in unfavored steric contacts, repulsive VDW interactions, 
between coordinated water molecules and benzene. Thus solvated ions move far from 
benzene to reduce the steric contacts and minimize the loss of coordinated water 









 with the ion being constrained at different distances from benzene 
center (RM–X, Å). These coordination numbers are calculated by the integration of the pair 
distribution function, gMO, where M is the alkali ion or the nitrogen atom of NH4
+
, up to 












Table 2.5 shows that the presence of the ions at distances from benzene centers 









, respectively) is expected to result in significant loss of the ion 
coordinated water molecules. The data for Li
+
 are showing that the ion is located at 
average distance from benzene center higher than the value of the reaction coordinate up 
to a distance of 5.5 Å. The shoulder of the PMF for Li
+
 corresponds to the deformation of 
the tetrahedral coordination followed by the loss of one of the water molecules from the 
first shell. Na
+
 is also found at an average distance from the center of benzene higher than 
the value of the reaction coordinate until a distance of 6.0 Å. The shoulder for Na
+
 





 on the other hand are found at larger distances compared to the reaction coordinate 




Table 2.5. Average values of the RM–X distances obtained from the umbrella sampling 
simulations and the corresponding number of water molecules in coordination with the 
cation. 
























1.0 2.22 – – – 2.96 – – – 
1.5 2.33 – – – 2.99 – – – 
2.0 2.48 2.71 – – 3.00 3.94 – – 
2.5 2.73 2.88 3.03 3.07 3.00 4.25 5.18 4.18 
3.0 3.20 3.18 3.17 3.22 3.26 4.56 5.33 4.35 
3.5 3.87 3.61 3.45 3.51 3.93 4.82 5.50 4.45 
4.0 4.22 4.08 3.93 3.99 3.99 4.97 5.90 4.72 
4.5 4.64 4.60 4.49 4.48 4.00 5.12 6.22 4.84 
5.0 5.06 5.07 5.02 4.96 4.00 5.36 6.50 4.97 
5.5 5.51 5.56 5.52 5.46 4.00 5.56 6.73 5.03 
6.0 6.01 6.01 6.03 5.99 4.00 5.56 6.94 5.14 
Values between brackets are the coordination numbers of the ion in bulk water. Values 
for the alkali cations are from reference 92. The dashes indicate that the corresponding 
values of the reaction coordinate are not considered for the cation. 
 





 at the observed equilibrium distances in figure 2.6 (3.28 
and 3.37 Å, respectively) will be slightly larger than 5.33 and 4.35, respectively. These 
values are showing that the two ions are losing ~1.6 and ~1.0 water molecules when 







 ions move to distances at which binding of the ion to 





are large in size and are located initially at larger distances from benzene. Small 
displacement (0.45 Å) of these ions away from benzene is thus required to relax the 
interactions and binding to benzene still energetically favored.  
Figure 2.6 also shows the PMF between the centers of two benzene molecules in 
water with an equilibrium separation at 5.2 Å, and a binding free energy of −0.96 
kcal/mol, in excellent agreement with the value of −1.0±0.05 kcal/mol for the heat of 




2.3.2.4. Effect of cations on π–π interactions in water 
 Ab initio calculations in the gas phase show that cooperativity exists between 
cation–π and π–π interactions. MD simulations of two benzene molecules in presence 
(see figure 2.7) and absence of one ammonium ion reveal how this cooperativity 





Figure 2.7. A snapshot of the simulation of NH4
+
(benzene)2 complex in 600 SWM4-
NDP water molecules. Atom colors are red for oxygen, blue for nitrogen, cyan for 
carbon, white for hydrogen, and pink for the non-atomic site in benzene center. 
 
The effect of NH4
+
 on the association of the two benzene molecules in water can 
be investigated from the gXX RDF, where X is benzene center, in presence and absence of 
the cation.  Figure 2.8 (a) shows the X−X RDF calculated from both simulations. The 
two curves have similar shapes with a broad maximum in the range 5.1–5.5 Å. The 
function, however, possesses higher probability for NH4
+
(benzene)2 system indicating 
that the degree of π–π association increases in presence of the cation. This indicates that 
cooperativity exists between cation–π and π–π interactions in aqueous solutions. The 
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most probable arrangement of the two benzene molecules relative to the cation can be 
detected from the X··N··X angular distribution (Figure 2.8 (b)). This distribution is 
characterized by a peak in the range 20–55° with a maximum probability density for an 
X··N··X angle at 37º. This indicates that the most stable NH4
+
(benzene)2 complex is one 
with “cation–π–π” motif. The low probability in the angular distribution curve near 180° 
indicates that the sandwiched (benzene–NH4
+–benzene) conformer is unfavored in 
solution. This is in contrast to gas phase ab initio calculations, which showed the 
sandwiched complex of NH4
+
 to be 9.35 kcal/mol more stable than the stacked complex. 
This can be attributed to the expected high degree of dehydration of the ion 
accompanying the sandwiched conformation.  
 














































Figure 2.8. (a) CM radial distribution functions between benzene molecules, (b) 
X··N··X angular distribution. 
 
2.4. Conclusions 









 and benzene monomer, dimer, and trimer show that cation–π 
interactions are strong in the gas phase and become stronger as more π systems are 
introduced in stacked arrangements. Polarizable models for NH4
+
 and the interaction of 
the four cations with benzene are parameterized. An extra “non-atomic” site in benzene 




. The optimized 
potential models reproduced the ab initio properties of the complexes and will serve as 
reliable models for studying biological systems in which cation–π interactions are 
thought to play important rules. A polarizable model for NH4
+–H2O interaction that 
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reproduces both the gas phase complexation energy and the experimental hydration free 
energy and hydration structure of the ion is also reported. 









 possess –1.0 and –1.4 
kcal/mol as binding free energies. Binding of benzene to the hydrated ion at or near the 
gas phase equilibrium distance between the ion and benzene is observed to results in a 
significant loss of the water molecules in the first solvation shell of the ion. Ions move 





 possess rigid and strong complexes with coordinated water molecules, 
they are thus solvated with water and do not bind benzene in aqueous solutions. Water 




 ions, on the other hand are less rigid and less 
strong, partial dehydration of these ions and binding to benzene is thus energetically 




 bind benzene at comparable center 
of mass separations in water (3.28 Å and 3.37 Å, respectively), NH4
+
 binds benzene more 
strongly than K
+




The observed binding trend of the four ions with benzene in water suggests 
possible explanations of chemical phenomena that involve effect of ions or salts on π 
systems in aqueous solutions. Of these, is the influence of inorganic salts on the solubility 
of aromatic hydrocarbons. Inorganic salts decrease the solubility “salting-out” of 
aromatic hydrocarbons in aqueous solutions. The degree of salting-out has been reported 
to depend on the type of the salt and its concentration.
108,109
 The salting-out of benzene in 








 is reported to 
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. According to the calculated binding energies of 
the four cations with benzene in water, we may suggest the salting-out effect to occur by 




) bind water strongly and do not bind 
benzene in their first solvation shells. This will result in increasing the concentration of 
benzene in the solution spaces that are not occupied by the ions and their first solvation 





the other hand weakly bind benzene in their first solvation shells which lead to less 
salting-out. According to this mechanism and taking in consideration that benzene shows 
a tendency to exist in the second solvation shell of Li
+
, benzene salting-out by the four 








. Although this suggested mechanism 






, it fails to 
reproduce lithium’s position. The presence of the same anion in these systems might play 
different roles in presence of different cations and detailed investigations of the 
microscopic structure of benzene in different aqueous salt solutions might reveal findings 
that reproduce the exact experimental ordering. 
While ab initio MP2/6-311++G(d,p) calculations on NH4
+
(benzene)2 complex 
showed that the sandwiched conformer is more stable than the stacked one, MD 
simulation on NH4
+
(benzene)2 complex in water shows that the most stable complex is 
one with cation–π–π motif. The instability of the sandwiched conformer in water is 
attributed to the significant dehydration of the cation accompanying such binding mode. 
Protein environment (geometrical constraints and low dielectric constant) on the other 
hand may results in different stable binding modes for cation–π2 complexes. A survey of 
the PDB for cation–π2 complexes will serve to elucidate the abundance of these 
complexes and their favored conformations. 
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3. Polarizable potentials for ammonia interacting with water and with 
amino acid model compounds 
 
Abstract 
Polarizable force field models based on classical Drude oscillators are generated 
for NH3 and its interactions with H2O and 10 compounds that model the peptide 
backbone and five amino acids; Ser, Phe, Tyr, Trp, and His. The studied amino acids-
model compounds are N-methylacetamide, ethanol, benzene, toluene, phenol, p-
methylphenol, indole, 3-methylindole, imidazole, and 4-methylimidazole. Optimization 
of the potential models is based on ab initio calculations on the complexes at the MP2/6-
311++G(d,p) level of theory. The minimum energy conformers in all NH3 complexes that 
are observed in the ab initio calculations are reported. The optimized model for NH3–H2O 
complex reproduces the experimental hydration free energy of NH3 without further 
adjustments and is used to investigate the hydration structure of NH3. The potential 
model for NH3–NH3 interaction is optimized to reproduce the density of liquid ammonia 
at its boiling point. The model reproduces the density, heat of vaporization, and structure 







Ammonia is used as a solvent in organic reactions and has a widespread use in 
many industrial sectors as refrigerant, fertilizer, cleaner, and as precursor to nitrogenous 
compounds such as fuel and explosives. In a biological context, ammonia is an important 
and preferred source of nitrogen for many organisms, it undergoes uptake by 





 studies have been 
conducted to investigate the structural properties of liquid and aqueous ammonia 
solutions. The structure and degree of hydrogen bonding in liquid ammonia have been 
studied experimentally using X-rays
110–114
 and neutron scattering
115–118
 as well as 
computationally
119–130
 These studies are showing that ammonia is one of the weakest 
hydrogen bonded liquids.
118,128
 The structure of aqueous ammonia solutions has also been 
studied by X-ray diffraction
110
 as well as by theoretical simulations.
131,132
 Reliable 
potential models that reproduce the experimental data, however, are still required. 
Ammonia is known to be involved in translocation processes in proteins
133
. An 
example is the transfer of ammonia in the enzyme Glutamine-dependent 
amidotransferases
134
. The transfer of ammonia in these enzymes occurs via the diffusion 
across interdomain channels.
134
 An important pathway of ammonia or ammonium (Amm) 
transport is provided by the family of MEP/Amt/Rh proteins from archaea, bacteria, and 
eukarya.
135–139
 The mechanism of transport and the nature of the net transported species, 
ammonia or ammonium, in these proteins however is not yet understood. Potential 
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models for ammonia interactions with amino acid side chains are thus important to 
investigate the mechanism of action of these proteins and enzymes.  
In this work, we develop polarizable potential models for NH3 and its interaction 
with 12 compounds; H2O, NH3, and 10 model compounds for the peptide backbone and 
five amino acids. The modeled amino acids are Ser, Phe, Tyr, Trp, and His which are 
chosen because of the polarizable nature of their side chains and the role they are thought 
to play in Amm transport proteins. N-methylacetamide (NMA) is chosen as a model for 
the peptide backbone; ethanol for Ser; Benzene, toluene for Phe; phenol, P-methyphenol 
for Tyr; Indole, 3-methyindole for Trp; and imidazole, 4-methyl imidazole for His. The 
methyl substituted compounds are considered in order to accurately model the amino 
acids. For this purpose, ab initio calculations on the complexes of NH3 with the twelve 
compounds are performed at MP2/6-311++G(d,p) level of theory. The ab initio properties 
of the complexes are then used to optimize the potential models for the ammonia 
complexes. The NH3–H2O potential model is validated by calculation of the hydration 
free energy of NH3. In contrast to all models, the NH3–NH3 potential model is optimized 
to reproduce the density of liquid ammonia at its boiling point is validated by calculating 








3.2.1. Ab initio calculations 
Full geometry optimizations of all compounds and of different conformers in their 
complexes with NH3 are performed at MP2 level with the 6-311++G(d,p) basis set using 
Gaussian 09 program.
88
 Geometry of all complexes are optimized without imposing any 
symmetry constraints. The local minimum nature of the optimized structures is confirmed 
using a frequency calculation, which showed no imaginary frequencies in all reported 
complexes. The interaction energies are corrected for basis set superposition error 
(BSSE) using the Boys and Bernardi counterpoise technique.
89
 The NH3−NH3 and 
NH3−H2O complexes are also optimized at the CCSD(T)/6-311++G(2d,2p) level of 
theory, and the results are found in agreement with the previous level of theory. All other 
quantum mechanical (QM) calculations are thus performed at the MP2/6-311++G(d,p) 
level of theory.  
Various potential energy surfaces (PESs) describing the interaction of the 
different compounds with ammonia are computed at same level of theory and corrected 
for BSSE. The curves are computed with rigid monomers in their gas phase optimized 
geometries. In most cases, the curves are calculated by orienting NH3 such that the 
geometry of the system is close to that of the global minimum conformer and the scan 
involves mainly the distance between the two fragments from 2.0 Å to 10.0 Å. For 
benzene and toluene, in addition to scanning the distance between N and the ring center 
(X), a scan of the X···N−H angle is performed. This scan aims to investigate the 
preferential orientation (unidentate, bidentate, or tridentate) of NH3 on the ring surface. 
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3.2.2. Potential energy function and parameterization strategy 
Molecular mechanics (MM) calculations are performed with the program 
CHARMM.
86
 A new polarizable interaction potential is developed for ammonia based on 
ab initio calculations on NH3 and its complex with H2O. Polarizable force field models 
are also parameterized for the interaction of NH3 with the other eleven studied 
compounds (NH3, ethanol, NMA, benzene, toluene, phenol, p-methylphenol, indole, 3-
methylindole, imidazole, 4-methylimidazole). All the polarizable interaction models are 
adjusted to reproduce the ab initio properties of the complexes, except for the NH3−NH3 
interaction model which is optimized to reproduce the density of liquid ammonia at its 
boiling point (239.65 K). 
Polarization in these models is based on the classical Drude oscillators.
25,87
 
Polarizability is introduced in the classical Drude oscillator model by attaching mass-
charged particles to polarizable atoms via a harmonic spring with force constant   . The 
partial charge of the polarizable atom q is redistributed between the Drude particle and 
the atom core with the Drude charge    being determined from the atomic polarizability 
via the relation     
    . A separation rD between the Drude particle and the 
polarizable atom results in a dipole   rD. Thus electronic polarization is mimicked by 
relative displacement of both charges due to an external electrostatic field. 
Table 3.1. Potential model for polarizable ammonia. 
Atom q (e) Emin (kcal/mol) Rmin/2 (Å) α (Å
3
) 
N –0.99576 0.1043429 2.0780073 –1.6905 
H 0.33192 0.0699455 0.555818 0.0000 
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Parameters for NH3 potential model (current study) are summarized in table 3.1. 
In this model, NH3 is modeled by four atomic sites in addition to an auxiliary Drude 
particle attached to the nitrogen atom. The electrostatic parameters, atomic charges and 
polarizabilities, are determined from ab initio calculation. The atomic charges are fitted to 
reproduce the gas phase dipole moment and the polarizability of N is calculated from the 
trace of the polarizability tensor. Finally the Lennard-Jones (LJ) parameters of N and H 
are treated as adjustable parameters to reproduce the ab initio calculations of NH3–H2O 
complex.  
The optimized model of NH3 did not reproduce the density of liquid ammonia at 
its boiling point and the model for NH3–NH3 interaction is thus optimized for this 
purpose. Interaction between the original models of NH3 and NMA reproduces the ab 
initio calculations on their complex and no optimization is performed for the NH3–NMA 
model. Optimization of ammonia interactions with other compounds, on the other hand is 
found necessary to reproduce their ab initio results. The parameterization of polarizable 
force fields for NH3 interactions is performed following our previous strategy.
I
 In 
particular the currently introduced ammonia model and the previously reported 
polarizable models for interacting compounds
26,91,140–142
 are used and optimization is 
based on adjustment of the LJ parameters between specific pairs of atoms from NH3 and 
the interacting ligand. By default, the parameters of the LJ 6-12 interaction        and 
       for atoms i and j are generated using the Lorentz-Berthelot combination rule:  
        √(          )           and               (            )   
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The “NBFIX” option of CHARMM parameter file allow to override the default values 
from the combination rules and assign pair-specific LJ parameters.
34
 Optimization of the 
potential models is thus based on adjustment of the pair-specific LJ parameters between 
N of NH3 and one specific atom type in the interacting compound. These atoms are N of 
ammonia, indole, and 3-methylindole, aromatic carbon atoms of benzene and toluene, O 
of ethanol, phenol, and p-methylphenol, and N3 of imidazole and 4-methyl imidazole. 
Adjustment of the LJ pair-specific parameters in ammonia dimer utilizes the density of 
liquid ammonia at 239.65 K as optimization target, while for other ammonia interactions, 
optimization is performed using the ab initio properties of the complexes as target values. 
Adjustment of the LJ parameters of N and H in NH3 and the pair-specific LJ 
parameters is performed in two steps following our previously reported strategy.
I
 In the 
first, the ab initio PESs are considered the target and an iterated optimization of the 
parameters is performed until the best fit between the PESs calculated by the potential 
model and from ab initio calculations is achieved. The LJ parameters are adjusted to 
optimize the following error function: 
   ∑   ( 
  
  
   
)  (  
     
    
 
 




 are the number of points in the potential energy surface, 
Boltzmann constant, temperature (298.15 K), BSSE-corrected interaction energy, and 
force field-calculated interaction energy of the complex, respectively. Index k represents 
the points on the potential energy surface. The obtained parameters are subject to a 
second optimization in which the geometry of the complex (position and orientation of 
the NH3 relative to the interacting molecule) and the “free” interaction energies (without 
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imposing geometry constraints except fixing the bonds to H atoms using the SHAKE 
algorithm
93
) are the optimization targets. 
We start by optimizing the interaction between the simple “unmethylated” 
compounds (benzene, phenol, indole, and imidazole) and test the transferability of the 
optimized parameters to the methylated “complex” models (toluene, p-methylphenol, 3-
methylindole, and 4-methylimidazole). The optimized parameters for the simple 
compounds are considered transferable to the complex ones if they give good agreement 
with ab initio calculations on the later complexes, otherwise the parameters are subject to 
further adjustments.  
 
3.2.3. Molecular dynamics 
Previous computational studies on liquid ammonia have artificially imposed its 
experimental density by performing simulations using the canonical
120,124,128,131
 (NVT) or 
the microcanonical
127,130
 (NVE) ensembles, in which the volume of the system 
corresponds to the experimental density of the liquid at the studied thermodynamic 
conditions. Structural properties obtained from such simulations are thus artifact of the 
volume constraint and do not provide an accurate description of the performance of the 
theoretical model. The model we are developing aims at reproducing the density of liquid 
ammonia by performing the simulations in the isothermal–isobaric ensemble (NPT). In 
the NPT ensemble, the volume changes and attains certain equilibrium at which, the 
density of the solution and its structural properties can describe the quality of the model.  
Two different systems are simulated by MD in the NTP ensemble. The first 
system is composed of 250 polarizable ammonia molecules, simulated at the boiling 
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point of ammonia (T = 239.65 K) and pressure P= 1 atm, in order to optimize the NH3–
NH3 potential model through reproducing the density of the neat liquid at these 
thermodynamic conditions. The same system is simulated at the experimental conditions 
of the neutron diffraction experiment
118
 (T = 213 K and P= 1.2 atm) in order to validate 
the model and compare the calculated structure of liquid ammonia with the experiment. 
The second is a system of one ammonia molecule solvated in 250 water molecules, 
simulated in order to investigate the hydration structure of NH3 at T = 298.15 K and P= 
1.0 atm. All systems are simulated in cubic boxes with periodic boundary conditions. 
Long-range electrostatic interactions are computed with particle-mesh Ewald summation. 
A smooth real-space cutoff is applied between 14 and 15 Å with an Ewald splitting 
parameter of 0.34Å
–1
, a grid spacing of 1.0 Å, and a fourth-order interpolation of the 
charge to the grid. The temperature of the system is controlled with a two-thermostat 
algorithm, where atoms are kept at previously mentioned temperatures whereas auxiliary 
Drude particles are kept at low temperature (1 K) to assure the self-consistent induction 
regime.
87
 The NTP ensemble is simulated using Nose–Hoover thermostat143,144 and the 
modified Andersen-Hoover barostat of Martyna et al.
145
 along with 1 fs time step. The 
SWM4-NDP polarizable water model
87
 is used for simulation of the aqueous solution. 
The internal geometry of water molecules as well as the N–H bond lengths in ammonia 
are fixed using the SHAKE algorithm.
93
 All systems are simulated for 10ns and the last 7 






3.2.4. Free energy calculation 
Optimization of LJ parameters of N and H atoms in NH3 are based on ab initio 
calculations on NH3–H2O complex. The final parameters are validated by calculating the 
hydration free energy of NH3. The free energy of hydration of NH3 relative to H2O 
(      (        )  is calculated following thermodynamic integration (TI) 
simulation protocol established previously.
I,94,95
 In particular the relative hydration free 
energy (ΔΔGhyd) of solutes NH3 and H2O is evaluated from the conventional 
thermodynamic cycle for solute transformation in water 





 is the relative free energy for the alchemical solute H2O → NH3 “mutation” 
in water. 
To maintain a constant number of interaction sites throughout the transformation, 
special hybrid residues are used (Figure 3.1).
I
 These residues are made by bonding one 
original “real” molecule with a dummy second molecule in a cubic box of 250 SWM4-
NDP water molecules. Force constant of 5 kcal/mol/Å
2
 is assigned to the intermolecular 
bonded atoms. The TI/MD simulation protocol used in this work involves ligand 
transformation in 17 steps, controlled by the mapping parameter λ which takes on of the 
following values: 0, 0.005, 0.02, 0.04, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 0.96, 0.98, 
0.995, 1. The calculation of the free energy increments at each value of λ includes 






Figure 3.1. Solute transformation involved in free energy calculation. Solutes colored red 
are “real” while  those colored black are “dummy”. 
 
3.3. Results and Discussion 
3.3.1. Minimum energy conformers 
The labeling diagram of the twelve studied compounds used in this work is 
displayed in figure 3.2. Geometry optimization of NH3 in the gas phase gives 1.013 Å for 
N–H bonds and 107.29º for the H–N–H angle, in close agreement with the experimental 
values, 1.012 Å and 107.67º, respectively.
146
 Ab initio geometry optimizations at MP2/6-
311++G(d,p) level of theory show that most ligands form more than one stable, minimum 
energy complex with NH3. Table 3.2 lists the BSSE-corrected and uncorrected interaction 
energies in all minimum energy conformers of all NH3 complexes. Of the different stable 
conformers, the H-bonded conformer is found more stable than other possible 
conformers. The most stable conformers for NH3 complexes with benzene and toluene on 
the other hand are characterized by NH3–π interactions, in which NH3 is positioned on 
top of the aromatic ring and interact with π electrons. For the same ligand complex, the 
O−H···N(NH3) conformer is found more stable than the O···H−N(NH3) conformer. The 
presence of the electron donating methyl group in the studied aromatic compounds results 
in increasing the electron density of the moiety. While this results in a decrease in the 
64 
 
interaction energy of most H-bonded conformers in which NH3 is the H acceptor, it 
increases the interaction energy of NH3–π bonded complexes, in comparison with the 
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Table 3.2. Interaction energies, in kcal/mol, without and with BSSE correction (E and 
E
CP
, respectively) for the different minimum energy conformers of NH3 complexes at the 
MP2/6-311++G(d,p) level of theory. 
complex conformer E E
CP

















   
NH3–Ethanol a –7.73 –5.86 NH3–NMA a –7.59 –5.76 
b –4.38 –3.07 b –5.33 –3.88 
 
NH3–benzene 
a –3.53 –1.75  
NH3–toluene 
a –4.57 –2.47 
b –2.62 –1.30 b –2.64 –1.32 
c –2.49 –1.20 




a –10.61 –8.28  
 
NH3–p-methylphenol 
a –10.43 –8.10 
b –4.21 –2.68 b –4.13 –2.69 
c –3.76 –1.70 c –4.52 –2.41 
d –2.74 –1.42 d –2.75 –1.43 
e –2.76 –1.34 e –2.69 –1.36 









a –8.76 –6.73 
b –6.23 –3.72 b –6.41 –3.80 
c –4.85 –2.47 c –5.46 –2.86 
d –3.48 –2.23 d –3.54 –2.11 
e –2.50 –1.25 e –2.69 –1.15 
f –2.24 –1.04 f –2.25 –0.96 
g –2.28 –1.00 g –2.18 –0.88 




a –9.57 –7.58  
 
NH3–4-methylimidazole 
a –9.38 –7.30 
b –5.51 –4.37 b –5.55 –4.38 
c –4.77 –3.69 c –4.92 –3.82 
d –4.64 –2.96 d –5.25 –3.37 
e –3.68 –2.42 
Values in brackets are CCSD(T)/6-311++G(2d,2p) results. 
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3.3.1.1. Ammonia dimer 
Geometry optimization on ammonia dimer shows two stable conformers, the 
eclipsed (a) and staggered (b) conformers (Figure 3.3). The interaction energy of the 
dimer is comparable in both conformers (Table 3.2), with conformer a being 0.05 
kcal/mol more stable than b. CCSD(T)/6-311++G(2d,2p) results on the dimer show slight 
larger inter molecular separation with b being 0.12 kcal/mol more stable than a.  
 
                                                  
Figure 3.3. Optimized geometries of ammonia dimer in (a) eclipsed and (b) staggered 










3.3.1.2. Ammonia-water complex 
Geometry optimization of ammonia-water complex shows only one stable 
complex with O–H··N type of hydrogen bond. Optimization of the O··H–N hydrogen 
bonded conformer did not result in a stable local minimum, instead the O–H··N bonded 
conformer is obtained, in agreement with microvave and radio frequency spectral 
experimental results.
147
 As shown in figure 3.4, CCSD(T)/6-311++G(2d,2p) predicts 
slight larger intermolecular separations, however the interaction energy of the complex 












3.3.1.3. Ammonia-ethanol complex 
Geometry optimizations on ammonia-ethanol complex are performed on the 
O−H···N and O···H–N hydrogen bonded complexes. Two optimum minimum energy 
geometries are obtained (Figure 3.5). The interaction energy in a, –5.86 kcal/mol, is 
about twice the interaction energy of b, –3.07 kcal/mol, indicating that O–H··N type of 
hydrogen bonding is more favored than the O··H–N type. The stability of the type of 
hydrogen bonding in b which is not observed in ammonia–water complex is attributed to 
the interaction of the lone pair of electrons of the nitrogen atom with one H atom of the 
C3 atom as evidenced be structural data in figure 3.5 b. 
 
 






3.3.1.4. Ammonia-N-methylacetamide complex 
Two stable conformers are found in the interaction of NH3 with NMA (Figure 
3.6). Conformer a is the global minimum with NH3 H-bonded to NMA and acts as H-
acceptor. Figure 3.6 b suggests that the complex is stabilized by interaction of N-lone 
pair of electrons with one H atom of C3. While ammonia-ammonia and conformer a in 
ammonia-NMA complexes are characterized by N–H··N(NH3) type of H-bonding, the 
interaction energy in the later complex is ~2.1 times that in the first. This is attributed to 
the presence of the electron withdrawal carbonyl group in NMA. 
 
 







3.3.1.5. Ammonia-benzene complex 
Geometry optimization on various initial conformers of the NH3-benzene 
complex shows only two minimum energy structures (Figure 3.7). The global minimum 
conformer, a, is one in which ammonia resides above the benzene plane in agreement 
with the optical and microwave spectral results reported by Rodham et al.
148
 In this 
conformer, NH3 is oriented toward benzene surface so that only one proton is interacting 
with the π–cloude “unidentate conformation”148. It should be noted that optimization of 
the zero, bi, and tridentate conformers resulted in less stable complexes that correspond 
to 2
nd
 order saddle points. Conformer b is a H-bonded complex that is 0.45 kcal/mol less 
stable than conformer a. 
 
 






3.3.1.6. Ammonia-toluene complex 
Optimized minimum energy conformers of the NH3–toluene complex and some 
structural data are reported in figure 3.8. Similar to benzene, the global minimum 
conformer, a, is an NH3–π complex. In this conformer, NH3 is displaced from the ring 
center toward C1 and is oriented such that two protons are interacting with the π cloud 
and its lone pair is interacting with one H of C7. The higher interaction energy of this 
conformer, compared to benzene is the result of the increased electron density of the 
aromatic ring due to the methyl group. The other conformers, b, c, and d, are complexes 
with NH3 being H-bonded to the three different aromatic Hydrogens (ortho, meta, and 
para). Table 3.2 indicates that the interaction energy in these complexes follow the trend 
ortho (b) > meta (c) = para (d).  
                                         




3.3.1.7. Ammonia-phenol complex 
The different stable, minimum energy conformers of the NH3-phenol complex 
and their characteristic intermolecular parameters are shown in figure 3.9. The global 
minimum conformer, a, is O–H··N hydrogen-bonded complex and its higher interaction 
energy compared to the corresponding NH3 complexes with H2O and ethanol is the 
consequence of the electron withdrawing nature of the phenyl ring. O··H–N type of 
hydrogen bonding resulted in the second highest energy conformer, b. Conformer c is an 
NH3–π complex in which NH3 is slightly displaced from the ring center toward C1. 
Conformers d, e, and f correspond to hydrogen bonding of NH3 with the aromatic 
hydrogens H9, H10, and H11. Table 3.2 indicates that the presence of NH3 cis relative to 
the hydroxyl group, d, is energetically favored than the trans, e, position. 
 




3.3.1.8. Ammonia-p-methylphenol complex 
The geometry of the optimized conformers for ammonia in complex with p-
methylphenol and some of their structural data are reported in figure 3.10. These 
conformers are structurally similar to the corresponding NH3-phenol complex with the 
exception of conformer c in which NH3 is displaced from the center of the ring toward C4 
instead of C1. The electron donating nature of the methyl group results in a decrease in 
the interaction energy of the N··H–O hydrogen bonded complex (a) and increase in the 
NH3–π complex (c), in comparison with the corresponding phenol complexes. 
 




3.3.1.9. Ammonia-indole complex 
Geometry optimizations of different possible NH3–indole complexes showed 
eight minimum energy conformers (Figure 3.11). The global minimum conformer, a, is 
(indole)N–H··N(NH3) hydrogen bonded complex. The high interaction energy in this 
conformer compared to similar H-bonded complexes in ammonia dimer and ammonia-
NMA complexes is attributed to the electron withdrawing nature of the aromatic moiety. 
Conformers b and c are NH3–π type of complexes in which NH3 is oriented in a bidentate 
conformation with one proton interacting with the π cloud of the five-membered ring and 
another interacting with the π cloud of six-membered ring. N is positioned on top of C9 
in b, while it is located on top of C4 in c. The other conformers (d–h) involve H-bonding 
of NH3 with the aromatic hydrogens H11, H12, H13, H15, and H14, with an increase in 
the interaction energy as the donor carbon atom becomes close to N1. 
 
3.3.1.10. Ammonia-3-methylindole complex 
Figure 3.12 shows the optimized geometries of the minimum energy conformers 
in the NH3-3-methylindole complex. These conformers are structurally similar to the 
corresponding NH3-indole conformers. Substitution of H12 in indole by the methyl group 
results in increasing the electron density of the π cloud and N1H10 group, which in turns 
results in an increase in the interaction energies in the NH3–π complexes, b and c, and 
decrease of the interaction energy in the (3-methylindole)N–H··N(NH3) H-bonded 

















3.3.1.11. Ammonia-imidazole complex 
The five minimum energy conformers in NH3-imidazole complex are reported in 
figure 3.13. In the global minimum conformer, a, NH3 act as H-acceptor and is hydrogen 
bonded to imidazole via (imidazole)N3–H7··N(NH3) type of hydrogen bonding. NH3 
form two other hydrogen bonded complexes, b and c, in which NH3 act both as H-donor 
and acceptor. Conformer d involves NH3–π interaction with N of NH3 positioned on top 
of N3 and pointing one of its hydrogen atoms toward the π cloud of the five-membered 
ring. Conformer e is characterized by (imidazole)C4–H8··N(NH3) hydrogen bonding. 
 




3.3.1.12. Ammonia-4-methylimidazole complex 
Four energy minima conformers are obtained in the NH3-4-methylimidazole 
interactions (Figure 3.14), which are structurally similar to conformers a–d found in 
NH3-imidazole interactions. The decrease in the interaction energy of conformer a and 
increase in the interaction energy of d, in comparison with the corresponding NH3-
imidazole conformers is attributed to the methyl group. 
 





3.3.2. Potential energy surfaces 
Ab initio calculated PESs for NH3 complexes are reported as dashed lines in 
figure 3.15 together with the curves calculated from the optimized Drude models (solid 
lines, see section 3.3.3). Three potential energy curves are calculated for NH3–H2O 
complex. In the first two curves (Figure 3.15 (a)) the N··O distance is scanned with water 
acting as the H-donor or H-acceptor. Curve (b), shows the scan of the N··O–H angle at 
O··N distance = 3.0 Å. A scan of the N··N distance in the NH3 dimer is shown in curve 
(c). Two PESs are calculated for the complex of NH3 with ethanol (Figure 3.15 (d)) by 
the scan of the N··O distance, with NH3 acting as H-acceptor in one and H-donor in the 
second. Two potential energy curves are calculated for NH3–NMA complex with NH3 
similarly being the H-acceptor or H-donor (Figure 3.15 (e)). In case of benzene, two 
curves (Figure 3.15 (f) and (g)) are computed by scanning the distance between N and the 
ring centroid (X) as well as the angle X···N−H, respectively. In case of toluene, NH3 is 
positioned on top of benzene such that N is on top of the ring center with its lone pair 
oriented toward the methyl group and similar to benzene a scan involved both the 
distance between N and the center of the ring (Figure 3.15 (f)) and the angle X··N−H 
(Figure 3.15 (h)). A scan of the O7··N distance is performed for the complexes of phenol 
and p-methylphenol with NH3 and the results are shown in curve (i). The N1··N distance 
is scanned in the complexes of NH3 with indole and 3-methylindole and the 
corresponding results are shown in curve (j). A scan of the N3··N distance is generated 
for the imidazole and 4-methylimidazole complexes with NH3, as shown in curve (k). 
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Figure 3.15. Potential energy curves for NH3 complexes with all studied compounds. (a), 
Complexation energy of NH3 with H2O as a function of N··O distance with H2O being 
the H-donor (black) and H-acceptor (red); (b), Complexation energy in NH3–H2O 
complex as a function of N··O–H angle at N··O distance of 3.0 Å; (c), Complexation 
energy in NH3 dimer as a function of N··N distance; (d), Complexation energy as 
function of N··O distance in NH3-ethanol complex with ethanol acting as H-donor 
(black) and H-acceptor (red); (e), Complexation energy in NH3-NMA complex as a 
function of N··N distance with NMA being H-donor (black) and H-acceptor (red); (f), 
Complexation energy in NH3–benzene (black) and NH3–toluene (red) complexes as 
function of X··N distance; (g), Scan of X··H–N angle in NH3–benzene complex at X··N 
= 3.4 Å; (h), Scan of X···H−N angle in NH3–toluene complex at X··N = 3.6 Å; (i), Scan 
of N··O distance in the NH3-phenol (black) and NH3-p-methylphenol (red); (j), Scan of 
N··N distance in the NH3-indole (black) and NH3-3-methylindole (red); (k), Scan of 
N··N distance in the NH3-imidazole (black) and NH3-4-methylimidazole (red). Dashed 
curves are MP2/6-311++G(d,p) results and solid lines are Drude models results. 
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3.3.3. Optimized force field 
The structural parameters (N–H bond length = 1.013 Å and H–N–H angle = 
107.29º) of NH3 potential model are determined from geometry optimization of NH3 at 
MP2/6-311++G(d,p) level of  theory. The corresponding bond and angle force constants 
(kb and kθ, respectively) are set based on ab initio IR frequencies of gaseous NH3 (ν = 
1069, 2×1665, 3530, and 2×3681 cm
–1
). The values, kb = 525.0 kcal/mol/Å
2
, and kθ = 
42.0 kcal/mol/rad
2
 are chosen since they give comparable high frequencies (ν = 1614, 
2×2218, 3556, and 2×3666 cm
–1
) and maintain the structural geometry of NH3 in MD 
simulations. While these parameters are overestimating the lower frequencies (bending 
vibrational frequencies), they give a fair agreement with the ab initio calculated angle 
bending PES, especially near the equilibrium value (Figure 3.16). 





















Figure 3.16. Potential energy surface for angle bending in NH3, calculated from QM 
(dashed line) and Drude model (solid line). 
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Parameters for NH3 potential model are reported in table 3.1. Table 3.3 
summarizes the adjusted pair-specific LJ parameters between N of NH3 and selected 
atoms in the interacting compounds. The optimized parameters for ammonia interactions 
with benzene and phenol reproduced the ab initio results for toluene and p-methylphenol, 
respectively. No further optimization is thus required for ammonia interactions with the 
later two compounds (toluene and p-methylphenol). Although parameters for ammonia 
complexes with indole and imidazole give fair agreement with the ab initio results on 
ammonia complexes with the corresponding methyl substituted compounds, we further 
optimized the parameters for better agreement. In figure 3.15, we plot the PESs 
calculated by the optimized models (solid lines) and those from ab initio calculations at 
MP2/6-311++G(d,p) level of theory (dashed lines). A good agreement between the two 
curves is observed. The slight deviation in ammonia dimer potential energy curve (Figure 
3.15 (c)) is based on the fact that the parameters for the ammonia dimer model is adjusted 
based on the density of liquid ammonia and not based on the ab initio calculations. 
Ammonia-benzene potential model does not reproduce the angle scanned curve (Figure 
3.15 (g)), however fair agreement between the two calculated curves is observed. 
Parameters in table 3.3 are those that reproduce the ab initio calculated geometries and 
interaction energies in the global minimum conformers of NH3 complexes. We thus list 
the BSSE corrected (E
CP
) complexation energies of the global minimum conformer and 
the corresponding complexation energies obtained by the optimized Drude models (E
MM
) 





Table 3.3. Molecules interacting with NH3 and their atoms together with the 
corresponding atom types that are selected to optimize the pair-specific LJ parameters 
with N of NH3. The interaction energies (E
MM
, kcal/mol) of the global minimum 
conformers obtained from the optimized models and the corresponding ab initio 
interaction energies (E
CP
















H2O – –   – –5.68 –5.89 
NH3 N NNH3 0.21357610 3.960168890 –2.66 –2.73 
Ethanol O1 OD31A 0.61679281 3.44897910 –6.01 –5.86 
NMA – – – – –5.99 –5.76 
Benzene C1–6 CD2R6A 0.07034828 4.22565622 –1.806 –1.75 
Toluene C1–6 CD2R6A 0.07034828 4.22565622 –2.15 –2.47 
Phenol O7 OD31C 0.52870554 3.27473540 –8.28 –8.28 
p-methylphenol O7 OD31C 0.52870554 3.27473540 –8.10 –8.10 
Indole N1 ND2R5A 0.15256536 3.93073764 –6.94 –6.94 
3-methylindole N1 ND2R5A 0.54843186 3.52226841 –6.71 –6.73 
Imidazole N3 ND2R5A 0.83596139 3.40420408 –7.57 –7.58 
4-methylimidazole N3 ND2R5A 1.15876106 3.54234710 –7.42 –7.30 
 
a
 Original models, except for NH3, are taken from references,26, 91, and 140–142. The 
dash in the table indicate that no NBFIX parameters are required for these complexes, 
instead original atomic LJ parameters are used to calculate the mixed LJ parameters 




3.4. Hydration free energy of NH3 
The free energy of hydration of NH3 relative to that of H2O is calculated to 
validate the NH3–H2O potential model. The calculation follows the TI/MD simulation 
protocol in which NH3 is mutated into H2O in bulk water (ΔΔGhyd (NH3→H2O)). On the 
base of multiple runs, the calculated value is –2.0±0.1 kcal/mol. The fact that the free 
energy of hydration of SWM4-NDP water molecule is –5.9±0.1 kcal/mol87 results in a 
hydration free energy of NH3 of –3.9±0.1 kcal/mol, in agreement with the experimental 
reported value of –4.3 kcal/mol.106 It should be noted that no fitting was performed to 
reproduce the experimental value; the atomic LJ parameters of NH3 were parameterized 
to reproduce the structure and energy of the NH3–H2O complex.  By comparison, the 
NH3 polarizable model of Dang and Garrett
132
 yields –5.6±0.5 kcal/mol as the free 
energy of hydration of ammonia in water, which is considerably overestimating the 
experimental value. 
 
3.3.5. Hydration structure of NH3 
The fact that our model of NH3 is reproducing the H2O–NH3 complexation energy 
and geometry and the experimental hydration free energy of NH3, suggests that it would 
provide a reliable solvation structure of ammonia in water. MD simulation on one 
ammonia molecule dissolved in 250 water molecules is thus performed to investigate the 
hydration structure of NH3. The atom–atom radial distribution functions (RDF) gNO(r), 

































































































Figure 3.17. Nitrogen-hydrogen (a), nitrogen-oxygen (b), hydrogen-hydrogen (c), and 
hydrogen-oxygen (d) radial distribution functions between ammonia molecule and water 
obtained from MD simulation results. 
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The N–H(H2O) RDF exhibits a sharp, narrow, and well separated peak at 1.9 Å 
that corresponds to O–H··N hydrogen bonding interactions. The integration up to its 
minimum at 2.55 Å yields a coordination number of 1.7. A second peak centered at 3.4 is 
due to hydrogen atoms of water molecules interacting with NH3 through O··H–N 
hydrogen bonding. In contrast to the first peak, the second peak depicts a less rigid 
solvation structure, as evidenced by the broader and less symmetric peak, indicating that 
O–H··N interactions are stronger and more stable than the O··H–N. 
 The N–O RDF exhibits a shoulder at 2.95 Å followed by a peak at 3.25 Å. Based 
on the calculated PESs for NH3–H2O complex (see figure 3.15 (a)), these two peaks can 
be assigned to O–H··N and O··H–N hydrogen bonded interaction, respectively. The 
week interaction in the O··H–N bonded complexes is the reason for the broad and 
asymmetric second peak. The peak at ~6.7 Å indicates a weak second hydration shell.  
The (NH3)H–H(H2O) RDF displays a shoulder at 2.73 Å and a weak peak at 3.95, 
due to hydrogen atoms from water molecules bonded to NH3 in the O–H··N and O··H–N 
hydrogen bonded modes, respectively. 
The (NH3)H–O RDF possesses a shoulder at ~2.3 Å that corresponds to O··H–N 







3.3.6. Liquid ammonia 
Optimization of potential model for NH3–NH3 interaction is performed by fitting 
the N-N pair-specific LJ parameters so as to reproduce the experimental density of liquid 
ammonia at T = 239.65 K and p = 1 atm. MD simulation of 250 NH3 molecules at 239.65 
K and 1 atm is performed for 10 ns time period using the optimized parameters for 
ammonia dimer (Table 3.3). The last 7ns simulation results show 21.78 Å for the box 
length, which correspond to a density 0.684 g/cm
3
, closely matching the experimental 





The enthalpy of vaporization, ΔHvap, is an important property of liquids. In MD 
simulations, ΔHvap can be calculated from the following equation.
150 
        
〈  〉
 
     
where 〈  〉 corresponds  to the average of the potential energy of the liquid. The average 
potential energy of the system, in the last 7 ns, is found to be –1271.3 kcal/mol which 
corresponds to      = 5.561 kcal/mol, in close agreement with the experimental value, 
5.577 kcal/mol.
151
 It should be noted that the ammonia dimer model has not been further 
adjusted to reproduce the experimental enthalpy of vaporization. 
Ricci et al.
118
 conducted a neutron diffraction experiment to investigate the 
microscopic structure of liquid ammonia at two sets of thermodynamic conditions, one of 
which being T = 213 K, p = 1.2 atm. We simulated the system of 250 ammonia molecules 
at these thermodynamic conditions with the NTP ensemble. Similarly to the previous 
system, 10 ns of MD simulation are performed and the analysis is based on the last 7 ns. 
94 
 
The results show an average box length of 21.44 Å, which corresponds to a density of 
0.717 g/cm
3





should also be noted that the ammonia dimer model has not been further optimized to 
reproduce this density. Figure 3.18 shows the atom–atom RDFs gNN(r), gNH(r), and gHH(r) 
of liquid ammonia along with the experimental RDFs of Ricci et al.
118
 Compared to 
previous computational models used to simulate liquid ammonia using classical MD 
simulations
124,127,128
 and ab initio/MD simulations,
120,123,124,128,130
 our model presents the 
best agreement with the experimental structure of the liquid. It should be noted that the 
shoulder in the gNN(r) at 2.7 Å and the peak in the gNH(r) at 1.6 Å, observed 
experimentally are not reproduced by any literature model.  
The gNN(r) function presented in figure 3.18 (a) shows three peaks centered at 3.4, 
6.6, and 9.6 Å, indicating three well defined shells of neighboring molecules. The 
coordination number at the position of the first minimum in the gNN(r) curve, 5.1 Å, is 
found to be 13.7, in close agreement with the experimentally observed value of 14.
118
 
The gNH(r) function reported in figure 3.18 (b) is similarly characterized by three 
peaks located at 3.6, 6.6, and 9.6 Å. The shoulder at 2.5 Å corresponds to the 
intermolecular N–H bonds.118 
The gHH(r) function in figure 3.18 (c) has the same characteristic features of the 
experimental function. The higher intensity and sharpness of the first peak in our model 































































Figure 3.18. (a) N–N, (b) N–H, (c) H–H RDFs for atoms in liquid ammonia in 














Ab initio QM calculations on NH3, H2O, and model compounds for the peptide 
backbone (NMA) and for amino acids side chains (ethanol, benzene, toluene, phenol, p-
methylphenol, indole, 3-methylindole, imidazole, and 4-methylimidazole), and on their 
complexes with NH3 have been performed in the gas phase at the MP2/6-311++G(d,p) 
level of theory. Minimum energy conformers in these complexes are reported. PESs of all 
NH3 complexes are generated with respect to the global minimum conformers imposing 
the gas phase optimized geometries of the interacting monomers. Novel polarizable 
potential model for NH3 is optimized based on the ab initio properties of NH3 and its 
complex with water. The model reproduced the experimental free energy of hydration of 
NH3 without further adjustments and used to investigate the hydration structure of NH3. 
Optimization of the potential model for NH3–NH3 interaction was based on the density of 
liquid ammonia at its boiling point. Surprisingly however, the model reproduced the 
enthalpy of vaporization of the liquid at the boiling point and the density as well as the 
structure of liquid ammonia at other thermodynamic conditions without further 
adjustment. Polarizable potential models for the interaction of NH3 with the other studied 
compounds are also optimized based on the ab initio calculations on the complexes. It 
should be noted that potential models for NH3 interactions with the studied amino acid 
model compounds have not been reported in literature to date and the models will serve 





4. Ammonium affinity and ion selectivity of the bacterial transporter 
AmtB studied using a polarizable force field for cation–π interactions 
 
Abstract 
The Escherichia coli AmtB protein is a member of the ubiquitous Amt family of 
ammonium transporters. AmtB proteins are homotrimers with one channel at the center 
of each monomer. Four binding sites (S1 to S4) have been identified crystallographically 
in the channel, with S1 located on the periplasmic surface of the protein and the other 
sites located in the pore lumen. While S1 is known to be selective for NH4
+
, over NH3 
and other monovalent ions, the nature of the species, NH4
+
 or NH3, that binds the other 
sites, especially S2, has not been confirmed so far. Although free energy calculations 
have shown that permeation of the ionic species is prohibitive and NH4
+
 has to 
deprotonate at some point along the permeation pathway, the position where 
deprotonation occurs and the identity of the proton acceptor have not been identified. The 
present computational study addresses the issue of selectivity of the periplasmic binding 






 as well as the relative binding affinity of 
NH4
+
 to S1 and S2. Polarizable force fields based on classical Drude oscillators are 






 with model compounds of the amino 
acids side chains that exist in S1 and S2 (Ser, Phe, Trp, and His). These force field 
models are optimized based on ab initio quantum mechanical calculations on the 
interactions of the ions with the model compounds, at the MP2/6-311++G(d,p) level of 
theory. The optimized models are used in hybrid polarizable/conventional molecular 
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dynamics simulations. Our calculations show that of all three ions, only NH4
+
 can reach 






. We also find that S2 has higher 
affinity to NH4
+
 compared to S1, suggesting that deprotonation does not occurs in S1 and 
the ion is stable enough to reach S2.  
 
4.1. Introduction 
Ammonia/ammonium (Amm) is the preferred source of nitrogen for many 
bacteria, fungi, and plants
36,152
, while for other organisms such as mammals it is a toxic 
metabolic waste product.
135,136
 To facilitate the transport of Amm and/or 
methylammonium (MA), plants, bacteria, yeast, and mammals express transmembrane 
proteins of the Amt/MEP/Rh family.
36,135,136,152
 AmtB is an ammonium transporter 
protein present in the bacterial inner membrane which provides a source of nitrogen for 
amino acid synthesis in bacteria. The structure of AmtB from Escherichia coli has been 
determined by X-ray crystallography.
32,33
 These structures show that AmtB is a 
homotrimer (Figure 1.5 a) with one pore at the center of each monomer. The 20 Å-long 
pore is narrow and highly hydrophobic with two almost totally conserved histidine 
residues (His168 and His318). 
Under physiological pH, Amm exists predominantly in its ionic form (NH4
+
). 
Thus it is NH4
+
 that binds the periplasmic entry (S1) of the AmtB channel.
32,33
 The 
crystal structure of AmtB is showing at that site what is likely an NH4
+
 ion in 
coordination with three aromatic amino acids Phe115, Phe103, and Trp148 through 
cation–π interactions. In addition, the ion is H-bonded to Ser219.32 
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Experimental studies on AmtB
37
 and other Amm transport proteins
36,38
 have 
shown that S1 is selective for NH4
+











 do not inhibit the functionality 
of these proteins.
36,37,38
 The inhibition of the protein activity might by the result of 
binding ions (other than ammonium) to S1 which prevent ammonium from binding and 
inhibit its transport. The experimental results clearly suggesting that S1 is selective for 
NH4
+





So far, computational studies
39,40
 on the selectivity of the S1 have not shown good 
agreement with the previous experimental results. A combined QM/MM investigation on 




, NH3, and NH4
+ 
performed by Nygaard et 
al.
39
 showed that K
+
 can reach S1 of AmtB. Luzhkov et al.
40













 by 3.3, 4.4, 2.6, 2.5, and 2.4 
kcal/mol, respectively. Though this indicates that NH4
+
 is selected over all alkali cations, 




 seem to 
have the same relative binding energies (~2.5kcal/mol) with respect to NH4
+
, in apparent 
contradiction with the experiment of Javelle et al.
37
 





electronic density in three sites (S2, S3, S4) of the pore lumen of AmtB (see figure 
1.5b for locations of S1 to S4). Based on the hydrophobic character of the pore, it was 
suggested that these sites are occupied by ammonia molecules.
32
 Electronic density in the 
pore lumen has also been observed by Zheng et al.
33
 for crystals grown in absence of 
ammonium salts, suggesting that water molecules exist in the pore lumen. Using detailed 
free energy calculations, Lamoureux et al. showed that the “hydrophobic” pore actually 
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stabilizes a file of water molecules that penetrate the pore from the cytoplasmic side and 





 is known to be the species that binds S1, the identity of the 
transported species and the mechanism of transport have not been confirmed so far. 
Based on experimental evidences, three permeation mechanisms have been suggested 












Computational investigations on the transport mechanism and nature of the 
transported species in AmtB proteins have also been conducted and several mechanisms 
were reported.
31,39,40,43,157–161
 To the best of our knowledge, none of the force fields 
employed in studying Amm transport proteins so far have been calibrated to reproduce 
the interactions of Amm with amino acid side chains lining the permeation pathway. 
Binding energies calculated using these force fields are thus expected to be unreliable and 
more accurate force fields are required for understanding of the binding affinity and 
selectivity of S1 and the transport mechanism in these families of proteins. 
The focus of the present study is to provide a reliable estimate of the selectivity of 
S1 toward NH4
+





aim also to measure the binding free energy of NH4
+
 in S2 relative to S1 in order to 
investigate the favored permeable species. For this purpose we calibrate polarizable force 







nine organic compounds that model the side chains of amino acids that near S1 and S2 
(ethanol, N-methylacetamide, toluene, phenol, p-methylphenol, indole, 3-methylindole, 
imidazole, and 4-methylimidazole). In these compounds, ethanol models Ser, N-
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methylacetamide (NMA) models the peptide backbone, toluene models Phe, phenol and 
p-methylphenol model Tyr, indole and 3-methylindole model Trp, and imidazole and 4-
methylimidazole model His. We describe amino acids side chains that are close to S1 
(Ser219, Phe103, Phe107, Phe215, and Trp148) and S2 (Phe107, Phe215, Trp212, 
His168, and His318) by the polarizable models and use non polarizable force field for 
other amino acids. The hybrid polarizable/conventional force field is then applied to 
calculate the binding free energy of NH4
+





binding free energy of NH4
+
 to S2 is also calculated and compared to that of S1 in order 
to investigate the thermodynamically favored permeable species from S1 to S2 and to 
suggests deprotonation position and proton acceptor along the permeation pathway. 
 
4.2. Methods  
4.2.1. Potential energy function and parameterization strategy 
NH4
+
 in S1 of AmtB is stabilized by cation–π interactions with Phe103, Phe107, 
Trp148, and Phe215, and H-bonding to Ser219.
32
 In addition, the ion interacts with water 
molecules in the periplasmic side of the protein. The nearest neighbors to the ion in S2 on 
the other hand are: Phe107, His168, Trp212, Phe215, and His318. In addition, the ion 
interacts with the underlying molecule occupying S3 in the pore lumen (water in our 
case).
35
 Reliable estimation of ions binding free energy to S1 or S2 will thus require a 
force field for ions calibrated to reproduce their interactions with the nearest neighbors. 
For this purpose, we parameterize polarizable potential models based on the classical 
Drude oscillator
25,87,162






 with model compounds 
of these amino acid side chains. 
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To account for induced polarization in the region of the binding sites, a Drude 
particle carrying a negative charge is bound to heavy, non-hydrogen atoms via a 
harmonic spring.
25,87,162
 The atom-Drude spring constant kD is set to 1000 kcal/mol/Å
2
 for 
all Drude oscillators in the system. The magnitude of the charge that the Drude particle 
must carry (qD) to produce the correct polarizability α, is determined from the relation 
    √   .
25,87
 The methodology on the Drude polarizable models has been 
documented elsewhere.
87,162
 Polarizable models based on the classical Drude oscillators 













 We are extending these models to describe the interaction of 






. The general strategy for 
parameterizing the polarizable force field has been documented elsewhere.
26,87,91,140,141,163
  






 with water have been 
reported previously.
I,92
 We only describe the details for optimizing potential models for 
the interaction of the ions and the amino acid-model compounds (ethanol, N-
methylacetamide, toluene, phenol, p-methyphenol, indole, 3-methylindole, imidazole, 
and 4-methylimidazole). Optimization of the force field follows the procedures reported 
previously.
I,II
 Optimization is based on adjusting the Lennard-Jones (LJ) parameters 






) and specific atoms in the interacting 
compounds. By default, the parameters of the LJ 6-12 interaction Eminij and Rminij for 
atoms i and j are generated using the Lorentz-Berthelot combination rule:  
        √(          )           and               (            )   
The “NBFIX” option of CHARMM allows to override the default values from the 
combination rules and assign pair-specific LJ parameters.
I,II,86,164
 It is thus the pair 
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specific LJ parameters that are adjusted to optimize our potential models. The target 
values are the ab initio gas phase properties of the ions complexes with interacting 
compounds. 
Atoms selected for parameterization are those that are most relevant to the 
complexation. A non-atomic site (X), described in our previous study
I
 is found necessary 




 with toluene. Similar sites are also required to 
model the interaction of the three ions with phenol and to model the interaction of NH4
+
 
with indole and 3-methylindole. The non-atomic sites X are massless particles at the 
center of the six-membered ring with no electric charge and with no LJ parameters. These 
sites show VDW interactions with specific atoms of the ions through pair-specific LJ 
parameters. LJ pair-specific parameters between the ions and more than one atom in the 
interacting ligand are used to reproduce the ab initio results. For the purpose of 
simplifying the optimization process, the LJ pair-specific parameters between different 
pairs of interacting atoms in some complexes are set equal. Optimization is first 
performed on the interactions of the ions with the simple model compounds 
“unmethylated compounds”, and the transferability of the optimized parameters to 
methylated compounds is then tested. In general a good performance is observed, 
however, the parameters are further adjusted to closely model ab initio results. 
 Optimization of the pair-specific LJ parameters is performed in two steps, 
following our previously reported strategy.
I, II
 The first step in the optimization of the 
pair-specific LJ parameters is to reproduce the ab initio PESs. In this step the parameters 
are adjusted in an iterated procedure so as to reproduces the ab initio curves. The 
obtained parameters are the subject of a second optimization step in which the complex 
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geometry (position and orientation of the cation relative to the interacting molecule) and 
the “free” interaction energies (without imposing geometry constraints except fixing the 
bonds to H atoms using the SHAKE algorithm
93
) are fitted to the ab initio results. 
It should be noted that while the interaction of the ions with neighboring amino 
acid side chains are described by the optimized polarizable force fields, nonpolarizable 
additive CHARMM force field PARAM27,
90
 with the TIP3P water model
165
 will be used 
for other interactions in the simulated AmtB systems. Because the Drude model is based 
on point charges and not point dipoles, the electrostatic interactions between the additive 
potential and the polarizable potential are described in a “transparent” way as charge-
charge interactions.  
 
4.2.2. Ab initio calculations  
Optimized geometries of NH4
+
 and the considered nine interacting ligands were 
obtained by us in previous studies.
I,II
 Full geometry optimizations of the complexes 






 are performed at MP2 
level with the 6-311++G(d,p) basis set using Gaussian 09 program.
88
 Geometry 
optimization is performed without imposing any symmetry constraints, except for 
complexes of NH4
+
 with imidazole and 4-methylimidazole, which are optimized 
constraining the ammonium N–H bonds at their gas phase values. This constraint is 
applied in order to avoid the transfer of the proton from NH4
+
 to N1 in imidazole or 4-
methylimidazole. The interaction energies are corrected for basis set superposition error 
(BSSE) by using the Boys and Bernardi counterpoise technique.
89
 Potential energy 
surfaces (PESs) are computed at the same level of theory and all interaction energies are 
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corrected for BSSE. The curves are computed with rigid monomers employing their gas 
phase optimized geometries by scanning the intermolecular distances between the ions 
and ligands. 
 
4.2.3. AmtB simulation model 
The simulation system (Figure 4.1) is built using the CHARMM-GUI web 
interface.
166
 The high-resolution X-ray structure of AmtB determined by Khademi et al. 
is used in this work (PDB code 1U7G).
32
 The three mutated residues (F68S, S126P, and 
K255L) in 1U7G are modified back to their native states. The protonated states of 
histidine residues are determined based on their individual microenvironments with the 







 in the periplasmic binding site S1 (Figure 4.2), the side 
chains of amino acids Phe103, Phe107, Trp148, Phe215, and Ser219 are constructed to be 
polarizable. For simulations of NH4
+
 in site S2 (Figure 4.3), the side chains of amino 
acids Phe107, His168, Trp212, Phe215, His318 are made polarizable. These residues are 
selected because they are the nearest neighbors to the ions in the binding sites. Phe215 is 
considered polarizable in simulations involving ions in S1 and Phe107 is considered 
polarizable when NH4
+
 is simulated in S2 because their side chains are in parallel 
displaced arrangement which will result in additional stabilization of the ion in both sites 
due to the strength added to cation–π interaction by the second π system.I,22 
A single AmtB monomer from the trimeric crystal structure is embedded in a 
phospholipid bilayer constructed with a total of 185 DMPC (1,2-dimyristoyl-sn-glycero-
3-phosphocholine) molecules: 94 DMPC molecules on the periplasmic side and 91 on the 
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cytoplamic side. Water is added to both the top and bottom of the phospholipid bilayer. 
The systems are placed in a rectangular box of 92 Å × 90 Å × 77 Å immersed in explicit 
liquid water containing 33 potassium (K
+
) and 36 chloride (Cl
−
) ions, corresponding to a 
salt concentration of ~0.1 M. The final model (Figure 4.1) consists of about 66990 atoms, 
including the AmtB protein, 185 DMPC molecules, 13111 water molecules, 33 K
+
 ions, 
and 36 chloride ions.  
In order to accurately describe the interaction of the ion with its surroundings, two 
water molecules near the ion at S1 are described using the polarizable SWM4-NDP water 
model
26,163
 and are kept in place using a weak harmonic potential. Four water molecules 
that have entered the pore from the cytoplasmic site and are interacting with the ion in S2 
and with the polarizable side chains in S2 are also described by SWM4-NDP water 
model. Parameters of the polarizable amino acids side chains are taken from the studied 
model compound,
91,140,141
 being –CH2-OH from ethanol for Ser219, –CH2-C6H5 from 
toluene for Phe103, Phe107, and Phe215, –CH2-C8H6N from 3-methylindole for Trp148 
and Trp212, and –CH2-C3H3N2 from 4-methylimidazole for His168 and His318. Those 
polarizable fragments are linked to the α carbons of the corresponding residues. To keep 
the fragment electrically neutral, the charge on the H atom removed is transferred to the 
carbon atom. All bonded parameters between polarizable and nonpolarizable atoms are 
taken from CHARMM27 parameters.
90
 
MD simulations are performed with the program CHARMM
167
 (version c34b2). 





in conjunction with the TIP3P water model.
165
 All MD simulations are performed using 
the velocity Verlet integrator with 1fs as the integration time-step and the SHAKE 
algorithm to constrain covalent bonds involving hydrogens.
93
 Electrostatic interactions 
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were computed with particle-mesh summation,
169
 with κ = 0.34 for the charge screening, 
1.0 Å grid spacing, and fourth-order splines for the mesh interpolation. The Lennard-
Jones interactions are cut off at 12 Å. The temperature of the system is controlled with a 
two-thermostat algorithm, where atoms are kept at room temperature (298.15 K), and the 




Figure 4.1. AmtB membrane protein model (unitary cell) for free energy calculations 
simulations. The cartoon structure of AmtB is shown in yellow. Atom colors are red for 
oxygen, blue for nitrogen, cyan for carbon, white for hydrogen, orange for potassium, and 






Figure 4.2. A snapshot from MD simulations showing ammonium ion in S1 and 
surrounding residues. Atom colors are as mentioned in figure 4.1. Non-atomic sites in 
Phe and Trp side chains are presented as pink spheres and nonpolarizable segments of the 










Figure 4.3. A snapshot from MD simulations showing ammonium ion in S2 and 








4.2.4. Free energy calculations  
Calculations of the relative free energies follow a standard protocol described 
elsewhere.
I,II,40,94,95
 Relative binding free energies (ΔΔGbind) are evaluated from the 




       (            (         (          
           
                  (1) 
where      
    
 and      
    are the relative free energies for the     alchemical ligand 
“mutation” in the binding sites and in water.40  
To maintain a constant number of interaction sites throughout the transformation, 
special hybrid residues are used (Figure 4.4). As stated in our previous studies,
I,II
 these 
residues are made by bonding one fragment representing an original ion with a second 
“dummy” fragment representing the second ion. Force constant of 5 kcal/mol/Å2 is 
assigned to the tether between the two fragments. The ligand mutation involves thus 
variation of the nonbonded as well as the bond lengths and valence angles that are 
considered. The MD simulation protocol used in this work involves ligand transformation 
in 12 steps, controlled by the mapping parameter λ, which takes the following values: 0, 
0.05, 0.15, 0.25, 0.35, 0.45, 0.55, 0.65, 0.75, 0.85, 0.95, and 1. The calculation of the free 
energy increments at each value of λ includes equilibration for 100 ps and subsequent 






Figure 4.4. Ligand transformation involved in the free energy calculations. Ligands 
colored in red are “real” while those in black are “dummy”. 
 






 do not have the same stability 
in this binding site with NH4
+
 being more stable. Similarly NH4
+
 is more stable than H2O 
in S2. A weak restraint potential is thus imposed on the ligands to prevent large drifts 
from S1 and S2, in order to allow for reliable measurements of relative binding free 
energies. The 1U7G crystal structure
5
 of AmtB is showing the center of mass (CM) of 
NH4
+
 in S1 at distances of 2.50 and 2.84 Å from oxygen atoms of the nearest two water 
molecules, at distance 3.46 Å from atom CE2 of Phe107, and at distance 3.82 Å from 
atom CE2 of Trp148. We thus apply a potential of 5 kcal/mol/Å
2
 at distances higher than 






) and the oxygen atoms of the two 
constructed polarizable water molecules. A similar potential is applied at distances larger 
than 4.5 Å between the CM of the ion and atom CE2 of Phe107 or Trp148. Ammonium 
in S2 of the 1U7G structure is 3.44 Å away from atom NE2 of His168 and 4.17 Å away 
from atom NE1 of Trp212. A similar potential is thus applied at distances larger than 4.0 
and 5.0 Å between the CM of NH4
+





4.3. Results and Discussion 
4.3.1. Geometry optimization 
The labeling diagram of all compounds used in this work is reported in figure 4.5. 
Table 4.1 lists the BSSE-corrected and uncorrected interaction energies in all optimized 
complexes as well as the interaction energies obtained from the optimized polarizable 
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Table 4.1. BSSE corrected and uncorrected complexation energies (E
CP
 and E, respectively, in 
























Ethanol –27.64 –26.48 –26.48 –21.31 –20.21 –20.21 –27.00 –25.02 –24.94 
NMA –39.15 –38.25 –38.25 –31.48 –30.36 –30.40 –39.10 –36.92 –36.95 
Toluene –25.77 –22.96 –22.98 –21.25 –18.79 –18.80 –21.45 –18.92 –19.06 
Phenol                  1 
                              2  
–26.16 –24.46 –22.25 –21.52 –19.59 –17.42 –24.90 –22.41 –19.30 
–24.49 –21.75 –22.30 –20.37 –18.01 –18.14 –20.67 –18.08 –18.64 
p-methylphenol   1 
                              2  
–27.60 –25.97 –24.98 –22.89 –21.04 –19.02 –26.24 –23.82 –21.52 
–26.05 –23.37 –23.85 –21.96 –19.45 –20.26 –22.35 –19.71 –20.24 
Indole –30.45 –27.48 –27.40 –25.75 –23.22 –23.24 –26.80 –24.06 –24.06 
3-methylindole –31.48 –28.51 –28.55 –26.83 –24.08 –24.10 –27.45 –24.60 –24.60 
Imidazole –36.33 –35.28 –35.29 –28.28 –27.09 –27.10 –34.14 –32.61 –32.62 
4-methylimidazole –38.42 –37.37 –37.40 –30.08 –28.86 –28.90 –36.19 –34.62 –34.65 
 






 complexes with the 9 studied 
compounds is done starting from different plausible initial conformations. The optimized 




 in complex with all ligands possess the same 
features. The optimized geometries of the complexes of both ions are thus reported 
together in figure 4.6 with parameters for K
+
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 (values in 
parentheses) with a, ethanol; b NMA; c, toluene; d, phenol; e, p-methylphenol; f, indole; 







 ions bind preferably to electronegative oxygen and nitrogen atoms, but are 
involved in strong cation–π interactions as well (see figures 4.6 c, d2, e2, f, and g). Table 
4.1 shows that the interaction energies of K
+
 complexes are less than the corresponding 
Na
+
 complexes. This is due to the increase in intermolecular distance between the ion and 
the interacting ligand as the size of the ion increases. 
Optimized geometries of NH4
+
 complexes are given in figure 4.7. These 
complexes are characterized by intermolecular bond distances between N of NH4
+
 and 
the center of the six-membered ring or the interacting hetero atom being similar to those 
in the corresponding K
+
 complexes. The similarity in the intermolecular distances of the 
two ions is due to the similar sizes of the two cations. Complexes of NH4
+
 with ethanol, 
NMA, imidazole, 4-methylimidazole, and the global minimum complexes in phenol and 
p-methylphenol (Figure 4.7 a, b, h, i, d1, and e1, respectively) however are more stable 
than the corresponding K
+
 complexes. The extra stability of these complexes is attributed 
to the hydrogen bonding between NH4
+










                                           
            a                                                        b                                                   c 
  
                                   
            d1                                                      d2                                                 e1 
 
                                  
                  e2                                                f                                                g 
 
                       
            h                                                        i                                                j 
 
Figure 4.7. Optimized geometries for the complexes of NH4
+
 with a, ethanol; b, NMA; c, 
toluene; d, phenol; e, p-methylphenol; f, indole; g, 3-methylindole; h, imidazole; and i, 4-
methylimidazole. Optimized geometry of the imidazole–NH4
+
(H2O)3 complex is given in 
structure j.  
118 
 
Only one minimum energy conformer is observed for ethanol, NMA, and toluene 
complexes with the three cations (see figures 4.6 a, b, c and 4.7 a, b, c). Two minimum 
energy conformers are found in the interaction of the three cations with phenol and p-
methylphenol, with cations interact with O atom in the first (Figure 4.6 d1, e1 and 4.7 d1, 
e1) and with the π cloud of the second (Figure 4.6 d2, e2 and 4.7 d2, e2). As seen in 
conformers d1 and e1 in both figures, the interaction of the ions with O results in bending 
of the phenolic hydrogen out of the ring plane in the opposite direction of the cation. 
Table 4.1 shows that interaction of the ions with O results in a more stable conformer 
compared to interaction with the π cloud, in agreement with previous computational 
study.
47
 Only one minimum energy conformer is found in the interaction of the three 
cations with indole (Figures 4.6 f and 4.7 f) and 3-methylindole (Figures 4.6 g and 4.7 g) 
with the cation centered on top of the six membered rings and not the five-membered 
one, in agreement with reported ab initio results.
46
 The interaction of the cations with 
imidazole (Figures 4.6 h and 4.7 h) and 4-methylimidazole (Figures 4.6 i and 4.7 i) gives 
one stable conformer in which the cation interacts with N1 rather than the π-cloud, in 
accords with previous calculations.
46
 
Free optimization of NH4
+
 in complex with imidazole or 4-methylimidazole 
results in proton transfer from the ion to the interacting ligand. Complexes h and i in 
figure 4.7 are therefore obtained by constraining the N−H bonds of NH4
+
 to the gas phase 
optimized lengths (1.024Å). Though proton transfer occurs readily in the gas phase, such 
transfer may not occur in aqueous solutions. For example no proton transfer is observed 
in a free optimization of the complex in which NH4
+
 is hydrogen bonded to imidazole 
and three water molecules (Figure 4.7 j). The constrained optimizations aim to optimize 
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potential models for NH4
+
 interactions with the two ligands. Interestingly, in all NH4
+–π 
complexes (Figure 4.7 c, d2, e2, f, and g), NH4
+
 is oriented such that N is on top of the 
center of the six-membered ring (X) with an X··N–H angle in the range 26–37º. This is 
in agreement with our previous results for the NH4
+–benzene complexI, where the global 
minimum conformer is found between the unidentate and bidentate conformers. 
 
4.3.2. Potential energy surfaces 






 in complex with all studied 
compounds are reported in figure 4.8 (dashed lines). All curves are calculated by 
scanning the intermolecular distance between the interacting species between 1.0 Å and 
10.0 Å. Curves (a) and (b) are calculated by scanning the distance between the CM of the 
ions and O of ethanol and NMA, respectively. Curves (c), (d), (f), (h), and (i) are 
calculated by scanning the distance between the CM of the ion and the center of the six-
membered ring in toluene, phenol, p-methylphenol, indole, and 3-methylindole, 
respectively, with NH4
+
 being oriented in a unidentate conformation. Two other curves 
((e) and (g)) are calculated for the complexes of the three ions with phenol and p-
methylphenol, in which the geometry of the complex corresponds to the global minimum 
conformers and the scan involved the distance between CM of the ion and the O atom. 
PESs for the cations in complex with imidazole, (j), and 4-methylimidazole, (k), are 

















































































































































































































































































































































































































































































































Figure 4.8. Potential energy curves calculated using ab initio MP2/6-311++G(d,p) 
(dashed lines) and Drude models (solid lines) for: (a), ethanol–M+; (b), NMA–M+; (c), 
toluene–M+; (d) and (e), phenol–M+; (f) and (g), p-methylphenol–M+, (h), indole–M+; (i), 

















4.3.3. Optimized force field 
Tables 4.2 and 4.3 summarize the optimized pair-specific LJ parameters of the 
polarizable models. Parameters for NH4









 are found transferable to NH4
+–toluene complex and no further adjustment is 
required. Figure 4.8 shows the agreement between the PESs calculated using the 
optimized models (solid lines) and those from ab initio calculations at MP2/6-
311++G(d,p) level of theory (dashed lines), especially near the equilibrium 
intermolecular distances. Table 4.1 lists the complexation energies of the global 
minimum conformers obtained using the optimized models (E
MM
) which are in close 
agreement with the ab initio BSSE-corrected (E
CP
) complexation energies. The optimized 
models for cations interacting with phenol and p-methylphenol however, slightly 
underestimated the complexation energy of the global minimum conformer (see Table 
4.1). The fact that the force field does not reproduce the bending of the phenolic 
hydrogen observed in ab initio optimization of the cations in complex with O atoms of 
phenol and p-methylphenol, results in less stable complexes due to electrostatic repulsion 
between the cations and the phenolic hydrogens. 
 We also examined the performance of the transferability of the optimized model 
for NH4
+–imidazole to the complex of the ion with imidazole and three water molecules. 
The model gave –23.64 kcal/mol for the complexation energy of NH4
+
(H2O)3 with 




























Ethanol O1 OD31A 0.0646602 3.3039910 0.1243324 3.5079747 
C2 CD32A 0.1821140 4.1241884 0.1107728 4.4162018 
NMA O6 OD2C1A 0.1265593 3.1410382 0.1175736 3.5155648 
C2 CD2O1A 0.3200516 4.2791542 0.0927968 4.8724768 
Toluene C1–7 CD2R6A 0.2099100 3.3338282 0.3967730 4.3026690 
X LP 0.0087380 3.5086672 0.0000000 0.0000000 
Phenol O7 OD31C 0.5611584 2.7723496 1.9813187 2.9146000 
X LP 0.0088122 4.0595579 0.0054752 4.4594059 
p-methylphenol O7 OD31C 1.9972693 2.6512629 2.6417092 2.8654004 
 X LP 0.0025728 4.4983402 0.0038311 4.5960484 
Indole C5–8 CD2R6A 0.0334734 3.8759811 0.2198221 3.7019494 
C4,9 CD2R6D 0.0334734 3.8759811 0.2198221 3.7019494 
3-methylindole C5–8 CD2R6A 0.0043736 4.5302101 0.1757715 3.7481552 
C4,9 CD2R6D 0.0043736 4.5302101 0.1757715 3.7481552 
Imidazole N1 ND2R5B 0.1802843 3.1905921 0.8180299 3.2755577 
C4,5 CD2R5A 0.1935770 3.6796462 – – 
C2 CD2R5B 0.1935770 3.6796462 – – 
4-methylimidazole N1 ND2R5B 0.1937232 3.0987322 0.2187421 3.4183194 
C2 CD2R5B 0.2048993 3.9754195 0.2902294 4.3026690 
The dashes indicate that no pair-specific LJ parameters are used; instead the standard 





Table 4.3. Atoms and their types from the 9 interacting ligands and their pair-specific LJ 

















Ethanol O1 OD31A 0.2387032 4.4784472 0.0056963 2.9830579 
C2 CD32A 0.2485402 4.4784472 – – 
NMA O6 OD2C1A 0.0268833 4.3252218 0.0004449 2.7216686 
C2 CD2O1A 0.5612547 4.4757974 0.00518658 3.2710700 
Toluene
a
 X LP 0.1470587 3.5000595 0.0060183 3.2808392 
Phenol O7 OD31C 0.4299035 3.4721698 0.0024378 2.7034540 
X LP 0.0286866 4.5811533 0.0000000 0.0000000 
p-methylphenol O7 OD31C 0.3975307 3.3358123 0.0184439 2.5637375 
X LP 0.0187195 4.6998372 0.0000000 0.0000000 
Indole C5–8 CD2R6A 0.3072126 3.6967341 0.0122287 3.3760382 
C4,9 CD2R6D 0.3072126 3.6967341 0.0122287 3.3760382 
 X LP 0.6602695 3.1297834 0.0270212 2.9105631 
3-methylindole C5–8 CD2R6A 0.3105234 3.7323063 0.0083613 3.4949277 
C4,9 CD2R6D 0.3105234 3.7323063 0.0083613 3.4949277 
X LP 0.6632312 2.9908044 0.0271424 2.7715841 
Imidazole N1 ND2R5B 0.1159641 3.9018492 0.0104965 2.7094400 
4-methylimidazole N1 ND2R5B 0.1135793 3.8854367 0.0131107 2.7372252 
a
 parameters are taken from interaction with benzene.
I
 The dashes in the table indicates 







4.3.4. Binding affinity and selectivity of AmtB external site 
 
Amm exists and binds S1 in its ionic form (NH4
+
) under physiological pH 
conditions.
32,33
 In a previous study,
I
 we reported the hydration free energy of NH4
+
 




 which were obtained from TI/MD free energy calculations 
on ligands dissolved in bulk water and found in agreement with the experimental data. In 
the current study, we also calculate these relative free energies with the ligands 
occupying S1 of AmtB and constrained so as not to drift far from the binding site. 






 in S1 of AmtB using our 
hybrid polarizable/conventional force field in the absence of restraint potentials is 




 in S1 spontaneously 
transfer to bulk periplasmic solution, a stable binding of NH4
+
 to S1 is observed. A weak 
potential was thus imposed on the ion to prevent large drifts from S1, in order to allow 
for reliable measurements of relative free energies. The measured relative free energies 
together with those calculated in bulk water
I
 are reported in table 4.4. Relative binding 
free energies, calculated using eq 1, are also reported in table 4.4. On the basis of 
multiple runs (forward and backward transformations), the overall precision of the 








Table 4.4. Relative binding free energies (kcal/mol) of NH4
+
 at the external binding site 
of AmtB. 
Mutation      
    
      
    ΔΔ bind =      
    
      
    
H2O → NH4
+
 –70.9 –61.7 –9.2 
NH4
+→Na+ –9.4 –18.6 9.2 
NH4
+
 → K+ 7.0 –1.2 8.2 
 
 
The computed relative binding free energies in Table 4.4 indicate that NH4
+
 is 9.2 
kcal/mol more stable in S1 compared to bulk water. This value which translates into a 
sub-micromolar binding constant K = 0.18 μM confirms the high affinity of the external 
site to the ion. It is consistent with the fact that the protein is expressed when the 
bacterium is in a nitrogen-poor environment.
32,33
 The binding free energies of ammonium 




, 9.2 and 8.2 kcal/mol, respectively, show that the later two ions 
do not bind S1 and thus do not inhibit the protein activity in agreement with the 
experimental results.
36−38
 The observed relative binding free energies also confirm that S1 






, in agreement with the experimental results.
36−38 
 
Compared to previous computational studies,
39,40
 the observed affinity and 
selectivity of S1 (current study) provide the best agreement with experimental data. 
Using ab initio QM/MM simulations Nygaard et al.
39
 showed that the binding affinity of 












. The authors 




 can reach S1, which disagrees with their 
observed binding affinity trend and disagrees with the fact that K
+
 does not inhibit the 
activity of the protein
36−38
 and thus should not reach S1. Luzhkov et al.
40
 performed MD 
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and free energy perturbation simulations and reported that S1 is selective for NH4
+
 







, relative to NH4
+
 that are almost the same, ~2.5 kcal/mol.
40





 possess the same binding affinity toward S1. This does not 
agree with Javelle et al. experimental study
37




 is observed 
to inhibit MA conduction in AmtB, indicating that Cs
+
 has higher affinity to S1 compared 
to K
+
. Of all computational investigations on the binding affinity and selectivity of 
AmtB,
39,40
 only the current study utilizes a force field calibrated for the interactions of 
ions with amino acids near S1 and S2. Calculated binding energies in the current study 
are thus more reliable as evidenced by the observed affinity and selectivity of S1, in 
agreement with experimental results. 
 
4.3.5. Binding free energy of NH4
+
 in S2 
Equilibration of the simulation system with NH4
+
 occupying S2 in the pore lumen 
of AmtB protein using the developed hybrid polarizable/conventional force field showed 
a stable binding of the ion in S2 during the equilibration time period (500 ps). The ion is 
observed to coordinate the side chains of the amino acids Phe215 and Trp212 through 
cation–π interactions.I,46 H-bonding of NH4
+
 and NE2 of His168 and with a water 
molecule in S3 is also observed. 
In order to calculate the binding energy of NH4
+
 to S2, we calculated the free 
energy accompanying the mutation H2O → NH4
+
 in S2. The results are reported in table 
4.5. A value of −76.1 kcal/mol is obtained, compared to −70.9 kcal/mol for the mutation 
performed in S1, which indicates that ammonium ion is 5.2 kcal/mol more stable in S2 
compared to S1.  
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Table 4.5. Relative binding free energies (kcal/mol) of NH4
+
 at the S2 binding site of 
AmtB. 
Mutation      
    
      
    ΔΔ bind =      
    
      
    
H2O → NH4
+




This suggests that the ion can reach S2 without deprotonation. The stability of the 
ion in S2 observed in the equilibration of the system without potential restraints (500 ps) 
and its stable H-bonded complex with His168 observed in both the equilibration and the 
free energy simulations suggests that His168 is a probable proton acceptor as previously 
suggested by Lamoureux et al.
157
 His168 together with His318 exists in the pore lumen 
of the AmtB transport channel with their side chains arranged such that a H-bond forms 
between their δ-nitrogen atoms.157 These two amino acids are almost conserved in Amm 
transport proteins which supports the suggested functional role in deprotonation of the 
ion. The observed proton transfer from NH4
+
 to imidazole or 4-methylimidazole during 
ab initio optimization of the complexes is also supporting the fact that His168 is a 






In this work, we have conducted ab initio QM geometry optimization and PESs 






 with 9 compounds (ethanol, N-
methylacetamide, toluene, phenol, p-methylphenol, indole, 3-methylindole, imidazole, 
and 4-methylimidazole). These compounds model the peptide backbone and the side 
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chains of the amino acids lining the section of the AmtB permeation pathway that is 
potentially accessible to charged species (Ser, Phe, Trp, and His). Polarizable models for 
the interaction of the three ions with the studied compounds are optimized based on the 
ab initio properties of the complexes. A Hybrid polarizable/conventional molecular 
dynamic simulation protocol has been described for reliable measurements of the binding 
affinity and selectivity of S1 toward the three ions as well as the binding affinity of S2 to 
NH4
+
. In the simulation protocol we describe the side chains of the amino acids as well as 
close water molecules by the parameterized polarizable force field while other 
interactions are described by a conventional force field. The free energy calculations are 
showing that S1 is highly selective toward NH4
+




, in agreement 
with experiments. The usage of a polarizable force field that is calibrated for the 
interaction of ions with neighboring species (water or amino acid side chains) results in a 
reliable calculation of the selectivity of S1 compared to previous computational 
studies,
39,40
 in which conventional noncalibrated force fields have been used. Free energy 
calculations on NH4
+
 in S2 are showing that the ion is 5.2 kcal/mol, more stable 
compared to S1, indicating preferable permeation of the ion to S2 rather than 
deprotonation at the periplasmic entry. The stability of NH4
+
 in S2, its tight coordination 
to His168, and the fact that ammonium ion readily transfers its proton to imidazole or 4-
methylimidazole, suggests that His168 is the proton acceptor. Deprotonation of 







Summary and conclusion 
 
In this work, we have applied ab initio (MP2/6-311++G(d,p)) QM calculations 









 with benzene monomer, dimer, and trimer and the interactions in the 
benzene dimer and trimer. The results are showing that cation–π interactions are strong in 
the gas phase and that their strength increases with increasing the number π systems. 







 with different compounds (water, ethanol, NMA, toluene, phenol, p-
methylphenol, indole, 3-methylindole, imidazole, and 4-methylimidazole) and the 
interaction of NH3 with NH3 and benzene. The optimum geometry of these complexes 
and their interaction energies are reported and discussed. 
We parameterized novel polarizable models for NH3 and NH4
+
 based on the ab 
initio calculations on the gaseous monomers and their complexes with water and 
benzene. Using the ab initio properties of the complexes, we also parameterized 








 with benzene and 






 with the other ligands (ethanol, NMA, 
toluene, phenol, p-methylphenol, indole, 3-methylindole, imidazole, and 4-
methylimidazole). We also parameterized a model for NH3–NH3 interaction based on the 
density of liquid ammonia at its boiling point. 
The optimized models for NH3–H2O and NH4
+–H2O interactions reproduce the 
experimental free energies of hydration of NH3 and NH4
+
 without further adjustments. 
The NH3–NH3 potential model reproduces the enthalpy of vaporization of liquid 
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ammonia at its boiling point and the density as well as the structure of the liquid at other 
thermodynamic conditions without further adjustments. Our MD simulations on cation–π 
and π–π interactions in water show that of the four cations, only K+, and NH4
+
 bind 
benzene in water and that the degree of π–π association increases in presence of the 
cation. 
We applied our optimized models in studying the binding affinity of S1 and S2 of 
the bacterial ammonium transporter protein AmtB toward NH4
+
 and in studying the 






. For this purpose, we modeled water 
molecules and the side chains of the amino acids that exist near S1 and S2 by polarizable 
models. Free energy calculations in S1 show that the site is of high affinity to NH4
+
 and is 




 ions. Free energy 
calculations at S2 showed higher binding energy of NH4
+
 compared to S1 suggesting that 
the ion does not undergoes deprotonation in S1 but reaches S2 where it can transfer its 
excess proton to residue His168. We thus suggest S2 as the deprotonation position and 












This project opens various avenues of investigation, such as: 
1) A survey of the PDB for cation–π2 complexes. This aims to investigate the abundance 
of these complexes and their most probable geometrical arrangements in proteins. 
Our MD simulations results on NH4
+
(benzene)2 complex in water showed that the 
most stable complex is one with cation–π–π binding motif. Cation–π2 complexes in 
proteins however might adopt different geometries due to different possible 
environments around the complexes. The investigation of the preferable arrangements 
of two π systems around an ion and how widespread these complexes are in the 
protein structures can help to understand their functional roles in proteins and to 
improve refinement methods for experimentally unresolved protein structures. 
 
2) Understanding the mechanism of salting-out of aromatic hydrocarbons by inorganic 



























. The anion might play roles in the mechanism of salting-out. Molecular 
dynamics simulations of benzene in aqueous solutions of different salts of different 
concentrations can provide a microscopic picture of the systems that can help 





3) Calculation of the binding free energy of NH3 relative to that of NH4
+
 in S1. This 
calculation aims to investigate the selectivity of the periplasmic binding site of AmtB 
toward the two species. This calculation aims to confirm that NH4
+
 (not NH3) is the 
species that binds S1. 
 
4) Calculation of the binding free energy of NH4
+
 in sites S3 and S4 of AmtB. 
Computational free energy calculations showed that NH4
+
 has to deprotonate at some 




 at S3 or S4 will lose its stabilization due to 
cation–π interactions with the two stacked side chains of Phe107 and Phe215. The ion 
is thus expected to be more stable at S2 compared to S3 or S4, and S2 is the most 
probable position for deprotonation of the ion. Identification of the relative stability 
of the ion at the different crystallographically identified binding sites in the pore 
lumen of the channel (S2, S3, and S4) will help to confirm the deprotonation position 
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